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Abstract
Aims/hypothesis The aim of this study was to determine the effect of bariatric surgery on diabetes complications in individuals
with class II/III obesity (BMI > 35 kg/m2).
Methods We performed a prospective cohort study of participants with obesity who underwent bariatric surgery. At baseline and
2 years following surgery, participants underwent metabolic phenotyping and diabetes complication assessments. The primary
outcomes for peripheral neuropathy (PN) were a change in intra-epidermal nerve fibre density (IENFD, units = fibres/mm) at the
distal leg and proximal thigh, the primary outcome for cardiovascular autonomic neuropathy (CAN) was a change in the
expiration/inspiration (E/I) ratio, and the primary outcome for retinopathy was a change in the mean deviation on frequency
doubling technology testing.
Results Among 127 baseline participants, 79 completed in-person follow-up (age 46.0 ± 11.3 years [mean ± SD], 73.4% female).
Participants lost a mean of 31.0 kg (SD 18.4), and all metabolic risk factors improved except for BP and total cholesterol. Following
bariatric surgery, one of the primary PN outcomes improved (IENFD proximal thigh, +3.4 ± 7.8, p<0.01), and CAN (E/I ratio −0.01
± 0.1, p=0.89) and retinopathy (deviation −0.2 ± 3.0, p=0.52) were stable. Linear regression revealed that a greater reduction in
fasting glucose was associated with improvements in retinopathy (mean deviation point estimate −0.7, 95% CI −1.3, −0.1).
Conclusions/interpretation Bariatric surgery may be an effective approach to reverse PN in individuals with obesity. The
observed stability of CAN and retinopathy may be an improvement compared with the natural progression of these conditions;
however, controlled trials are needed.
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LFA Low frequency area
mHR Median heart rate
MNSI Michigan Neuropathy Screening Instrument
MWL Medical weight loss
NCEP National Cholesterol Education Program
Neuro-QOL Neuropathy-specific quality of life

instrument
PN Peripheral neuropathy
pNN50 Proportion of the number of pairs of

successive normal-to-normal intervals
that differ by more than 50 ms divided
by the total number of
normal-to-normal intervals

QOL Quality of life
QST Quantitative sensory testing
RFA Respiratory frequency area
rmsSD Root mean square of successive

differences of the normal-to-normal
interval

SAS Survey of Autonomic Symptoms
sdNN SD of the normal-to-normal interval
UENS Utah Early Neuropathy Scale
VAS Visual analogue scale

Introduction

The prevalence of type 2 diabetes is increasing worldwide [1],
resulting in substantial morbidity from complications such as
peripheral neuropathy (PN), cardiovascular autonomic neurop-
athy (CAN) and retinopathy [2]. In addition, other individual
risk factors for the metabolic syndrome, which is frequently
comorbid with type 2 diabetes, such as obesity, hypertension,
low HDL-cholesterol and hypertriacylglycerolaemia, are also
associated with PN and CAN [3–5]. Conversely, these meta-
bolic factors are not consistently associated with retinopathy
[6]. Obesity, particularly central obesity, has emerged as the
second leading risk factor for PN after diabetes [3, 7]. Given
the independent effects of metabolic risk factors on diabetes
complications, interventions that simultaneously target multiple
metabolic risk factors are needed.

Bariatric surgery is one intervention that can simultaneous-
ly and robustly improve multiple metabolic risk factors
compared with other treatments [8]. Recent meta-analyses
and systematic reviews have shown that bariatric surgery typi-
cally improves diabetes complications [9]. A meta-analysis of
four studies comprising 86 participants found that surgical
weight loss improved PN [10]. Other studies found that bariat-
ric surgery ameliorated CAN outcomes [11], including a
randomised controlled trial that found improvements in both
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the expiration/inspiration (E/I) ratio and the Valsalva ratio
following bariatric surgery [12]. In addition, a meta-analysis
of 14 studies comprising 110,300 participants found that the
prevalence of retinopathy significantly decreased in surgical
patients vs controls [13].

The previous studies that assessed the effect of bariatric
surgery on diabetes complications had key limitations, includ-
ing small sample sizes, limited outcome measures and/or lack
of simultaneous assessment of multiple diabetes complica-
tions in the same population. Therefore, additional evidence
is required to determine whether bariatric surgery can improve
outcomes for diabetes complications, and whether it differs in
effectiveness for the various complications. Furthermore, it is
unknown whether bariatric surgery has differential effects on
diabetes complications compared with other interventions,
such as medical weight loss. Lastly, more evidence is needed
to determine whether changes in specific metabolic risk
factors are associated with improvements in diabetes
complications.

In this study, we determined the effect of bariatric surgery
on diabetes complications in individuals with class II/III
obesity (BMI > 35 kg/m2). We also investigated whether
changes in individual metabolic risk factors, including anthro-
pometric measurements, were associated with changes in PN,
CAN and retinopathy.

Methods

Study population From April 2015 to May 2018, participants
with obesity were enrolled from the University of Michigan
bariatric surgery clinic, as previously described [5]. Inclusion
criteria were 18 years of age or older and a BMI > 35 kg/m2.
Exclusion criteria were use of anticoagulants, BMI > 70 kg/m2,
current tobacco, marijuana or nicotine use, active cancer within
the last year, a suicide attempt in the last year or multiple suicide
attempts, reliance on a wheelchair or scooter, high-dose steroids,
a cardiac stent within the last year, a history of open Nissen
surgery or oesophagectomy, cirrhosis of the liver and having
completed pre-surgical baseline study outcomes more than 6
months prior to surgery. Participants underwent metabolic
phenotyping and diabetes complication assessments at baseline
(prior to bariatric surgery) and 2 years after bariatric surgery.

Metabolic phenotyping All participants underwent fasting
lipid panel, HbA1c, BP, height, weight and BMI measure-
ments; participants without diabetes also underwent glucose
tolerance testing. Anthropometric measurements were obtain-
ed by averaging two repeated measurements taken without
compressing the subcutaneous adipose tissue at nine separate
locations as previously described [7]. Diabetes status was
determined using HbA1c and glucose tolerance testing

measurements, according to the 2022 ADA Standards of
Care [14].

PN outcomes The primary PN outcomes were intra-epidermal
nerve fibre density (IENFD, unit = fibres/mm) measured at the
distal leg and proximal thigh, evaluated according to an estab-
lished protocol [15]. These measures have good diagnostic
characteristics for small-fibre PN in individuals with obesity
[16]. Secondary PN outcomes included nine nerve conduction
study measures of three nerves (peroneal distal motor latency,
peroneal amplitude, peroneal F wave index, peroneal CV, sural
peak latency, sural amplitude, tibial distal motor latency, tibial
amplitude, tibial F wave index), the Michigan Neuropathy
Screening Instrument (MNSI) questionnaire, examination and
combined index [17], the Utah Early Neuropathy Scale
(UENS) [18], quantitative sensory testing (QST) of vibration
and cold detection thresholds, vibration perception threshold
from neurothesiometer testing [19] and monofilament testing.
The nerve conduction studies, QST, neurothesiometer and
monofilament testing were completed as previously described
[19–21]. We defined clinical PN using the Toronto Consensus
Definition of probable neuropathy as determined by one of six
neuromuscular specialists (including BCC); this required the
presence of at least two neuropathy symptoms, abnormal senso-
ry examination or abnormal reflexes [22].

CAN outcomes The primary CAN outcome was the E/I ratio,
one of five Ewing cardiovascular reflex tests, which are
considered the gold standard for autonomic testing [23].
CAN symptoms were assessed using the validated Survey of
Autonomic Symptoms (SAS) [24]. Secondary CAN outcomes
were heart rate variability (HRV) measurements, which
included the resting median heart rate (mHR), low frequency
area (LFA), respiratory frequency area (RFA), LFA/RFA
ratio, the SD of the normal-to-normal interval (sdNN), the
proportion of the number of pairs of successive normal-to-
normal intervals that differ by more than 50 ms divided by
the total number of normal-to-normal intervals (pNN50), and
the root mean square of successive differences of the normal-
to-normal interval (rmsSD). We defined clinical CAN using
the 5th percentile of E/I ratio values from a control population
without obesity, as previously described (E/I ratio <1.09) [5].

Retinopathy outcomes The primary retinopathy outcome was
the mean deviation, and secondary outcomes were the pattern
SD and foveal sensitivity, which are sensitive disease markers
for retinopathy, and were assessed by frequency doubling
technology (FDT) testing using the 24-2 program
(Humphrey Matrix 800, Carl Zeiss Meditech, USA) on a
Humphrey Matrix, as previously described [25]. We defined
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clinical retinopathy as a diagnosis of any retinopathy based on
a review of non-mydriatic retinal photographs taken by an
ophthalmologist (TWG) using a Canon CR-1Mark II camera.

Chronic kidney disease outcomes Chronic kidney disease
(CKD) was evaluated using the eGFR (ml/min per 1.73 m2), as
measured using the 2021 CKD Epidemiology Collaboration
equation [26], and the urine albumin to creatinine ratio (mg/g).
We defined clinical CKD using the Kidney Disease: Improving
Global Outcomes (KDIGO) criteria as eGFR <60 ml/min per
1.73 m2 or albumin to creatinine ratio ≥ 30 mg/g.

Patient-oriented outcomes and other medical comorbidities
The neuropathy-specific quality of life instrument (Neuro-
QOL) was used to measure quality of life (QOL), with higher
numbers reflecting poorer QOL [27]. Neuro-QOL measures
overall neuropathy-specific QOL, overall QOL, the extent that
problems with neuropathy impact overall QOL, and QOL
specific to pain, reduced sensation, diffuse sensory motor
symptoms, activities of daily living, emotional well-being
and social well-being [27]. The validated short-form McGill
pain questionnaire was used to measure pain using a visual
analogue scale (VAS, scale 0–100), a present pain intensity
index, and total score summarising 15 descriptors of overall
pain and descriptors specific to the sensory and affective
dimensions of pain [28]. The Inventory of Depressive
Symptomatology Self Report (IDS-SR) was used to assess
participant depression [29]. The Impact of Weight on
Quality of Life (IWQOL-Lite) questionnaire was used to
measure obesity-related QOL [30]. The EuroQOL European
Quality of Life 5 Dimensions 3 Level Version (EQ-5D-3L)
questionnaire was used to determine participant’s current
health state (VAS, scale 0–100) and health status related to
mobility, self-care, usual activities, pain/discomfort and anxi-
ety/depression. The Alcohol Use Disorders Identification Test
(AUDIT) was used to assess unhealthy alcohol use [31].
Participants also described their physical activity level.

Ethics approval and participant consent This study was
approved by the University of Michigan Institutional Review
Board. All study participants provided written informed consent.

Statistical analysis All study analyses and outcomes were
specified beforehand. Primary outcomes included IENFD of
the distal leg and proximal thigh for PN, E/I ratio for CAN,
and mean deviation by FDT testing for retinopathy. Primary
analyses were performed to determine within-participant
change in each primary outcome following bariatric surgery.
To allow multiple comparisons for the primary outcomes, we

used the Bonferroni correction to determine statistical signif-
icance. Specifically, for hypothesis testing of the effects of
bariatric surgery on within-participant change for each prima-
ry outcome, two-tailed p values were calculated, and statistical
significance was determined using the Bonferroni-corrected p
value threshold of 0.0125. All other analyses were explorato-
ry, and therefore considered hypothesis-generating. As a
sensitivity analysis, we assessed the change in each primary
outcome stratified by baseline diabetes status.

Descriptive statistics were used to summarise participant
demographic information, metabolic phenotyping, and prima-
ry and secondary study outcomes at baseline and after 2 years
of follow-up. For continuous metabolic risk factors and
outcomes, the within-participant change was determined by
subtracting baseline values from those collected at follow-
up. For categorical variables, the within-participant change
was determined as those that improved, were stable or wors-
ened from baseline to follow-up.

We compared the demographic information between
participants who were lost to follow-up, those who completed
their 2-year follow-up, and those who only completed virtual
2-year follow-up (due to COVID-19) using one-way ANOVA
for continuous variables and Pearson’s χ2 tests or Fisher’s
Exact tests (as appropriate) for categorical variables. Paired
Student t tests (for continuous variables) and Wilcoxon
signed-rank tests (for categorical variables) were used to
compare within-participant differences at follow-up.

Multivariable linear regression models were fitted to deter-
mine the association between changes in primary diabetes
complication outcomes and changes in metabolic risk factors.
Specifically, we fitted the change in primary outcomes
(IENFD of the proximal thigh, IENFD of the distal leg, E/I
ratio and mean deviation using FDT) as a function of the
change in each metabolic risk factor separately, after adjusting
for participant age, sex, baseline BMI and baseline outcome
measurements.

Available case analysis was used to manage missing
values. For all hypothesis testing, two-tailed p values were
calculated to determine statistical significance. All analyses
were completed using R statistical software version 4.2.1 (R:
A language and environment for statistical computing. R
Foundation for Statistical Computing, Austria).

Results

Study participation and missing data A total of 163 individ-
uals consented to participate in the study, of whom 127
(77.9%) completed all baseline visits and bariatric surgery.
Seventy-nine of the 127 participants (62.2%) completed in-
person 2-year follow-up visits, and an additional 22 partici-
pants completed partial virtual measures due to COVID-19
(total of 79.5% for completion of follow-up). Study
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participation and loss to follow-up are summarised in Fig. 1.
The number of participants with missing metabolic risk factor
and outcome information is shown in the relevant tables. After
bariatric surgery, many participants were unable to tolerate
glucose tolerance testing due to anatomical changes after
surgery, and therefore these data were not collected after
June 2018. Of the 79 participants who completed in-person
follow-up, 71 (89.9%) underwent a sleeve gastrectomy, and 8
(10.1%) underwent gastric bypass surgery.

Demographic characteristics and changes in metabolic risk
factors Participant demographic information is shown in
Table 1. The mean age (± SD) for the 79 participants who
completed in-person follow-up was 46.0 ± 11.3 years,
73.4% were female, and most were white (79.7%) and non-
Hispanic (98.7%). There were no significant demographic
differences between those who completed in-person follow-
up, completed virtual follow-up, or were lost to follow-up (all
p>0.05). All metabolic risk factors significantly improved (all
p<0.05) except BP and total cholesterol (Table 2). The
number of participants receiving anti-hypertensive medica-
tions significantly decreased (27.8% improved, 72.2% stable,
0.0% worsened; p<0.01), whereas the number receiving
cholesterol or glucose-loweringmedications was stable during

follow-up. We also found that the number of participants with
diabetes and pre-diabetes decreased during follow-up (54.4%
improved, 44.3% stable, 1.3% worsened; p<0.01).

Change in PN One primary PN outcome (IENFD of the prox-
imal thigh) improved during follow-up (+3.4 ± 7.8 fibres/mm,
p<0.01) while the other (IENFD of the distal leg) was stable
(+0.1 ± 4.1 fibres/mm, p=0.92) (Table 3). Sensitivity analyses
revealed that the change in the IENFD of the thigh was signif-
icantly improved in those with normoglycaemia (+4.2 ± 6.8,
p<0.01) and pre-diabetes (+4.2 ± 7.8, p<0.01), but not diabe-
tes (+0.8 ± 8.1, p=0.65). Two values for secondary PN
outcomes, the MNSI questionnaire (−0.8 ± 1.8, p<0.01) and
theMNSI combined index (−0.2 ± 0.9, p=0.03) also improved
during follow-up. In contrast, three secondary PN outcomes
(QST vibration [+1.1 ± 2.4, p<0.01], vibration perception
threshold from neurothesiometer testing [+3.4 ± 11.3,
p=0.01] and tibial distal motor latency [+0.4 ± 1.0, p<0.01])
worsened during follow-up. All other secondary PN outcomes
were stable during follow-up. In addition, we found that the
number of participants with clinical PN as defined by the
Toronto Consensus Definition for probable neuropathy
increased during follow-up (0.0% improved, 89.9% stable,
10.1% worsened; p<0.01).

Consented to 
study (n=163)

Completed baseline visits 
and bariatric surgery 

(n=127)

Withdrawn (n=36)
• Unable to draw blood (n=1)
• Not fas�ng prior to drawing blood (n=1)
• Star�ng an�coagulants (n=1)
• Having mental health issues (n=1)
• No longer planning to have bariatric surgery (n=8)
• Having completed study outcomes more than 6 

months prior to bariatric surgery (n=13)
• Voluntary withdrawal (n=2)
• Lost to follow-up (n=9)

Withdrawn (n=26)
• Not wan�ng electromyography or skin biopsy (n=2)
• Family health issues (n=1)
• Scheduling conflicts (n=2)
• Moved out of state (n=3)
• Other medical reasons (n=2)
• Lost to follow-up (n=16)

Completed in-person
2 year follow-up (n=79)

Completed virtual 
2 year follow-up (n=22)

Fig. 1 Study participation and loss to follow-up
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Table 1 Demographic information for the study participants and those lost to follow-up

Variable All participants
(N = 127)

Completed in-person follow-up
(N = 79)

Completed virtual follow-up
(N = 22)

Lost to follow-up
(N = 26)

p value

Age (years) 44.9 ± 12.8 46.0 ± 11.3 47.8 ± 14.4 40.4 ± 11.9 0.10a

Female 101 (79.5) 58 (73.4) 18 (81.8) 22 (84.6) 0.45a

Race 0.82

Asian 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Black 20 (15.7) 12 (15.2) 5 (22.7) 3 (11.5)

White 100 (78.7) 63 (79.7) 16 (72.7) 21 (80.8)

Multiple reported races 2 (1.6) 1 (1.3) 0 (0.0) 1 (3.8)

Other 4 (3.1) 2 (2.5) 1 (4.5) 1 (3.8)

Unknown 1 (0.8) 1 (1.3) 0 (0.0) 0 (0.0)

Ethnicity 0.61

Hispanic/Latino 2 (1.6) 1 (1.3) 0 (0.0) 1 (3.8)

Smoking status 0.95

Ex-smoker 39 (30.7) 26 (32.9) 7 (31.8) 6 (23.1)

Never smoker 88 (69.3) 53 (67.1) 15 (68.2) 20 (76.9)

AUDIT alcoholism score 1.8 ± 1.8 1.7 ± 1.9 1.6 ± 1.7 2.1 ± 1.8 0.45a

Marital status 0.77

Divorced 18 (14.2) 13 (16.5) 1 (4.5) 4 (15.4)

Married 74 (58.3) 49 (62.0) 13 (59.1) 12 (46.2)

Significant other 2 (1.6) 1 (1.3) 1 (4.5) 0 (0.0)

Single 31 (24.4) 15 (19.0) 6 (27.3) 10 (38.5)

Widowed 2 (1.6) 1 (1.3) 1 (4.5) 0 (0.0)

Education 0.82

Professional or graduate degree 20 (15.7) 10 (12.7) 6 (27.3) 4 (15.4)

College degree 54 (42.5) 34 (43.0) 9 (40.9) 11 (42.3)

Some college or vocational college 39 (30.7) 24 (30.4) 6 (27.3) 9 (34.6)

High school graduate or GED test 13 (10.2) 10 (12.7) 1 (4.5) 2 (7.7)

High school or less 1 (0.8) 1 (1.3) 0 (0.0) 0 (0.0)

Employment status 0.80

Employed 86 (67.7) 51 (64.6) 15 (68.2) 20 (76.9)

Retired 14 (11.0) 10 (12.7) 3 (13.6) 1 (3.8)

Seeking work 1 (0.8) 1 (1.3) 0 (0.0) 0 (0.0)

Keeping house 10 (7.9) 6 (7.6) 2 (9.1) 2 (7.7)

Student 4 (3.1) 1 (1.3) 1 (4.5) 2 (7.7)

Other 12 (9.4) 10 (12.7) 1 (4.5) 1 (3.8)

Insurance 0.36

Private insurance 92 (72.4) 57 (72.2) 14 (63.6) 21 (80.8)

Medicare 2 (1.6) 2 (2.5) 0 (0.0) 0 (0.0)

Medicaid 8 (6.3) 5 (6.3) 2 (9.1) 1 (3.8)

Multiple plans 19 (15.0) 13 (16.5) 3 (13.6) 3 (11.5)

Other 5 (3.9) 2 (2.5) 3 (13.6) 0 (0.0)

Unknown 1 (0.8) 0 (0.0) 0 (0.0) 1 (3.8)

Values are means ± SD or n (%)

Data for the AUDIT score were missing for five participants at in-person follow-up, age was missing for 1 participant of those lost to follow-up

p values were calculated using a χ2 test except where indicated by a superscript a , in which case they represent the result obtained using one-way
ANOVA

GED, General Educational Development

1197

1 3



Diabetologia (2023) 66:1192–1207

Table 2 Change in metabolic risk factors following bariatric surgery in the 79 patients who completed in-person follow-up

Variable Baseline Two-year follow-up Change p value

Weight (kg) 130.4 ± 24.8 99.4 ± 21.2 −31.0 ± 18.4 <0.01

Height (cm) 168.0 ± 9.9 167.7 ± 10.3 −0.3 ± 2.2 0.21

BMI (kg/m2) 46.0 ± 6.6 35.3 ± 6.4 −10.8 ± 6.5 <0.01

NCEP-defined waist circumference (cm) 131.6 ± 17.2 114.3 ± 17.5 −17.2 ± 14.8 <0.01

Arm (cm) 41.5 ± 4.8 35.5 ± 4.6 −6.0 ± 4.2 <0.01

Forearm (cm) 30.3 ± 2.6 27.3 ± 2.9 −3.0 ± 2.3 <0.01

Calf (cm) 45.8 ± 4.5 41.5 ± 4.6 −4.3 ± 3.0 <0.01

Mid-thigh (cm) 64.5 ± 8.4 58.3 ± 7.9 −6.2 ± 6.2 <0.01

Hips/thigh (cm) 75.3 ± 9.2 66.4 ± 8.7 −8.9 ± 7.5 <0.01

Abdomen (cm) 133.7 ± 17.0 113.0 ± 16.4 −20.6 ± 15.1 <0.01

Buttocks/hips (cm) 140.4 ± 15.3 121.5 ± 14.0 −18.6 ± 10.8 <0.01

High-waist (cm) 123.4 ± 14.4 106.0 ± 14.3 −17.4 ± 11.0 <0.01

Systolic BP (mmHg) 127.9 ± 14.3 129.0 ± 16.4 1.2 ± 17.3 0.55

Diastolic BP (mmHg) 71.8 ± 11.6 73.1 ± 11.2 1.3 ± 10.8 0.28

Hypertension medication (yes) 46 (58.2) 24 (30.4) Worsened: 0 (0.0)
Stable: 57 (72.2)
Improved: 22 (27.8)

<0.01a

Triacylglycerol (mmol/l) 1.4 ± 0.6 1.1 ± 0.6 −0.3 ± 0.6 <0.01

HDL-cholesterol (mmol/l) 1.1 ± 0.3 1.6 ± 0.4 0.4 ± 0.3) <0.01

LDL-cholesterol (mmol/l) 2.6 ± 1.2 2.3 ± 0.8 −0.3 ± 0.9 0.01

Cholesterol (mmol/l) 4.2 ± 1.2 4.4 ± 1.0 0.2 ± 0.8 0.07

Cholesterol medication (yes) 26 (32.9) 20 (25.3) Worsened: 2 (2.5)
Stable: 69 (87.3)
Improved: 8 (10.1)

0.07a

Fasting glucose (mmol/l) 5.7 ± 1.7 5.0 ± 1.4 −0.8 ± 1.0 <0.01

2 h glucose (mmol/l) 6.7 ± 2.2 3.4 ± 1.4 −4.4 ± 2.4 <0.01

Not collected due to diabetes 15 18

Not collected due to tolerability concerns or late follow-upb 4 41

HbA1c (%) 6.0 ± 0.9 5.5 ± 0.7 −0.5 ± 0.6 <0.01

HbA1c (mmol/l) 7.0 ± 1.4 6.2 ± 1.1 −0.7 ± 1.0 <0.01

Diabetes Worsened: 1 (1.3)
Stable: 35 (44.3)
Improved: 43 (54.4)

<0.01a

Normoglycaemic 24 (30.4) 52 (65.8)

Pre-diabetes 32 (40.5) 21 (26.6)

Diabetes 23 (29.1) 6 (7.6)

Diabetes medication (yes) 24 (30.4) 19 (24.1) Worsened: 7 (8.9)
Stable: 60 (75.9)
Improved: 12 (15.2)

0.26a

Values are means ± SD or n (%)

Buttock/hips measurements and LDL-cholesterol measurements were each missing for one participant at follow-up. HbA1c measurements were missing
for three participants at baseline. Glucose tolerance testing was not collected for individuals with a previous diabetes diagnosis. In addition, following
bariatric surgery, many participants were unable to tolerate glucose tolerance testing due to anatomical changes after surgery, and therefore these data
were not collected after June 2018. There were 4 individuals that could not tolerate glucose tolerance testing at baseline, and 41 individuals that could not
tolerate it at 2 years. The 2 h glucose measurement was missing for one participant at baseline

p values were calculated using a paired t test except where indicated by a superscript a , in which case they represent the result obtained using Wilcoxon
signed-rank test
b Late follow-up after June 2018

1198

1 3



Diabetologia (2023) 66:1192–1207

Ta
bl
e
3

D
ia
be
te
s
co
m
pl
ic
at
io
n
an
d
pa
tie
nt
-o
ri
en
te
d
ou
tc
om

e
ch
an
ge
s
fo
llo

w
in
g
ba
ri
at
ri
c
su
rg
er
y
in

th
e
79

pa
tie
nt
s
w
ho

co
m
pl
et
ed

in
-p
er
so
n
fo
llo

w
-u
p

V
ar
ia
bl
e

B
as
el
in
e

M
is
si
ng

T
w
o-
ye
ar

fo
llo

w
-u
p

M
is
si
ng

C
ha
ng
e

M
is
si
ng

p
va
lu
e

P
N
ou
tc
om

es

IE
N
F
D
di
st
al
le
g
(f
ib
re
s/
m
m
)

8.
5
±
6.
9

2
8.
6
±
6.
0

3
0.
1
±
4.
1

5
0.
92

IE
N
FD

th
ig
h
(f
ib
re
s/
m
m
)

15
.0
±
7.
9

1
18
.4
±
7.
5

1
3.
4
±
7.
8

2
<
0.
01

PN
(T
or
on
to

C
on
se
ns
us

D
ef
in
iti
on

of
pr
ob
ab
le
ne
ur
op
at
hy
)

13
(1
6.
5)

0
21

(2
7.
0)

0
W
or
se
ne
d:

8
(1
0.
1)

St
ab
le
:7

1
(8
9.
9)

Im
pr
ov
ed
:0

(0
.0
)

0
<
0.
01

a

N
er
ve

co
nd
uc
tio

n
st
ud
y
ou
tc
om

es
b

P
er
on
ea
ld

is
ta
lm

ot
or

la
te
nc
y
(m

s)
4.
7
±
0.
9

0
4.
7
±
0.
9

0
−0

.1
±
0.
8

0
0.
50

P
er
on
ea
la
m
pl
itu

de
(μ
V
)

5.
8
±
2.
8

0
5.
3
±
2.
7

0
−0

.4
±
2.
3

0
0.
13

Pe
ro
ne
al
F
w
av
e
in
de
x
(m

s)
49
.8
±
6.
3

1
49
.9
±
5.
9

0
−0

.0
3
±
4.
2

1
0.
95

Pe
ro
ne
al
C
V
(m

/s
)

45
.5
±
5.
6

0
44
.7
±
6.
2

0
−0

.7
±
5.
9

0
0.
30

Su
ra
lp

ea
k
la
te
nc
y
(m

s)
3.
9
±
0.
5

1
3.
8
±
0.
5

0
−0

.1
±
0.
5

1
0.
29

S
ur
al
am

pl
itu

de
(μ
V
)

10
.9
±
6.
8

1
11
.8
±
6.
8

0
0.
7
±
5.
8

1
0.
32

T
ib
ia
ld

is
ta
lm

ot
or

la
te
nc
y
(m

s)
4.
7
±
0.
9

0
5.
1
±
0.
9

0
0.
4
±
1.
0

0
<
0.
01

T
ib
ia
la
m
pl
itu

de
(μ
V
)

8.
8
±
5.
5

0
9.
1
±
5.
2

0
0.
4
±
3.
3

0
0.
32

T
ib
ia
lF

w
av
e
in
de
x
(m

s)
51
.5
±
6.
1

0
50
.5
±
6.
0

1
−0

.8
±
3.
7

1
0.
08

Q
ST

b

Q
ST

co
ld

10
.2
±
4.
2

0
10
.3
±
3.
5

0
0.
2
±
4.
5

0
0.
73

Q
S
T
vi
br
at
io
n

16
.1
±
4.
2

0
17
.2
±
3.
3

0
1.
1
±
2.
4

0
<
0.
01

M
N
SI

M
N
SI

qu
es
tio

nn
ai
re

3.
1
±
2.
8

0
2.
3
±
2.
5

0
−0

.8
±
1.
8

0
<
0.
01

M
N
SI

ex
am

1.
0
±
1.
4

0
1.
0
±
1.
4

0
−0

.0
1
±
1.
1

0
0.
96

M
N
SI

in
de
x

1.
3
±
1.
1

0
1.
1
±
0.
9

0
−0

.2
±
0.
9

0
0.
03

U
ta
h
E
ar
ly

N
eu
ro
pa
th
y
Sc
al
e
(U

E
N
S)

3.
2
±
5.
3

0
3.
8
±
5.
9

0
0.
6
±
3.
7

0
0.
08

N
eu
ro
th
es
io
m
et
er

te
st
in
g

10
.5
±
15
.4

0
13
.9
±
23
.6

0
3.
4
±
11
.3

0
0.
01

M
on
of
ila
m
en
tt
es
t

W
or
se
ne
d:

5
(6
.3
)

St
ab
le
:6

8
(8
6.
1)

Im
pr
ov
ed
:6

(7
.6
)

0.
81

a

N
or
m
al

68
(8
6.
1)

0
71

(8
9.
9)

0
0

R
ed
uc
ed

8
(1
0.
1)

0
4
(5
.1
)

0
0

A
bs
en
t

3
(3
.8
)

0
4
(5
.1
)

0
0

C
A
N
ou
tc
om

es
0.
89

E
/I
ra
tio

1.
2
±
0.
1

0
1.
2
±
0.
1

7
−0

.0
1
±
0.
1

7

C
A
N
pr
es
en
t(
E
/I
ra
tio

<
1.
09
)

20
(2
5.
3)

0
14

(1
7.
7)

7
W
or
se
ne
d:

5
(6
.9
)

St
ab
le
:5

8
(8
0.
6)

Im
pr
ov
ed
:9

(1
2.
5)

7
0.
30

a

SA
S
sc
or
e

5.
9
±
5.
6

1
6.
2
±
5.
7

0
0.
3
±
5.
3

1
0.
58

1199

1 3



Diabetologia (2023) 66:1192–1207

Ta
bl
e
3

(c
on
tin

ue
d)

V
ar
ia
bl
e

B
as
el
in
e

M
is
si
ng

T
w
o-
ye
ar

fo
llo

w
-u
p

M
is
si
ng

C
ha
ng
e

M
is
si
ng

p
va
lu
e

R
FA

2.
1
±
3.
6

0
6.
0
±
38
.3

7
4.
1
±
38
.5

7
0.
37

L
F
A

2.
1
±
2.
5

0
1.
5
±
4.
3

7
−0

.6
±
5.
0

7
0.
34

L
FA

/R
FA

24
2.
8
±
20
78
.4

0
28
9.
3
±
20
57
.1

7
28
.1
±
30
19
.4

7
0.
94

sd
N
N

43
.4
±
23
.4

0
49
.5
±
30
.5

7
7.
5
±
30
.4

7
0.
04

pN
N
50

9.
0
±
12
.0

0
14
.1
±
16
.6

7
5.
7
±
14
.4

7
<
0.
01

rm
sS
D

28
.7
±
21
.0

0
36
.4
±
29
.2

7
9.
3
±
29
.3

7
<
0.
01

M
ed
ia
n
he
ar
tr
at
e

73
.2
±
9.
2

0
63
.8
±
8.
7

7
−9

.6
±
8.
7

7
<
0.
01

R
et
in
op
at
hy

ou
tc
om

es

M
ea
n
de
vi
at
io
n

−1
.2
±
4.
3

1
−1

.6
±
4.
2

1
−0

.2
±
3.
0

2
0.
52

R
et
in
op
at
hy

4
(5
.1
)

1
2
(2
.5
)

3
W
or
se
ne
d:

1
(1
.3
)

St
ab
le
:7

1
(9
4.
7)

Im
pr
ov
ed
:3

(4
.0
)

4
0.
50

a

P
at
te
rn

SD
3.
2
±
1.
1

1
3.
1
±
0.
9

1
−0

.2
±
0.
9

2
0.
09

Fo
ve
al
se
ns
iti
vi
ty

27
.2
±
5.
3

1
27
.0
±
5.
0

1
−0

.1
±
4.
5

2
0.
91

C
K
D
ou
tc
om

es

eG
FR

(m
l/m

in
pe
r
1.
73

m
2
)

98
.0
±
18
.5

0
94
.6
±
19
.8

1
−3

.4
±
10
.0

1
<
0.
01

C
K
D
(K

D
IG

O
cr
ite
ri
a)

7
(8
.9
)

0
11

(1
3.
9)

1
W
or
se
ne
d:

5
(6
.4
)

St
ab
le
:7

2
(9
2.
3)

Im
pr
ov
ed
:1

(1
.3
)

1
0.
13

a

M
ic
ro
al
bu
m
in
/c
re
at
in
in
e
ra
tio

(m
g/
g)

0.
2
±
0.
3

0
0.
2
±
0.
7

0
0.
05

±
0.
7

0
0.
56

P
at
ie
nt
-o
ri
en
te
d
ou
tc
om

es

M
cG

ill
pa
in

sc
al
e

M
cG

ill
V
A
S

2.
8
±
2.
8

0
1.
8
±
2.
4

0
−1

.0
±
2.
6

0
<
0.
01

M
cG

ill
pr
es
en
tp

ai
n
in
te
ns
ity

in
de
x

W
or
se
ne
d:

8
(1
0.
1)

St
ab
le
:5

5
(6
9.
6)

Im
pr
ov
ed
:1

6
(2
0.
3)

<
0.
01

N
o
pa
in

53
(6
7.
1)

0
56

(7
0.
9)

0
0

M
ild

11
(1
3.
9)

0
12

(1
5.
2)

0
0

D
is
co
m
fo
rt
in
g

11
(1
3.
9)

0
9
(1
1.
4)

0
0

D
is
tr
es
si
ng

3
(3
.8
)

0
2
(2
.5
)

0
0

H
or
ri
bl
e

1
(1
.3
)

0
0
(0
.0
)

0
0

E
xc
ru
ci
at
in
g

0
(0
.0
)

0
0
(0
.0
)

0
0

M
cG

ill
to
ta
l

5.
5
±
6.
4

0
3.
5
±
4.
8

0
−2

.0
±
5.
5

0
<
0.
01

M
cG

ill
se
ns
or
y

4.
7
±
5.
4

0
3.
0
±
4.
0

0
−1

.7
±
4.
4

<
0.
01

M
cG

ill
af
fe
ct
iv
e

1.
1
±
2.
7

0
0.
5
±
1.
1

0
−0

.6
±
2.
7

0.
06

1200

1 3



Diabetologia (2023) 66:1192–1207

Ta
bl
e
3

(c
on
tin

ue
d)

V
ar
ia
bl
e

B
as
el
in
e

M
is
si
ng

T
w
o-
ye
ar

fo
llo

w
-u
p

M
is
si
ng

C
ha
ng
e

M
is
si
ng

p
va
lu
e

N
eu
ro
-Q

O
L

N
eu
ro
-Q

O
L
to
ta
l

2.
9
±
2.
0

1
2.
3
±
1.
5

1
−0

.6
±
1.
9

2
<
0.
01

N
eu
ro
-Q

O
L
pa
in

2.
7
±
2.
0

0
2.
2
±
1.
9

0
−0

.5
±
1.
9

0
0.
02

N
eu
ro
-Q

O
L
re
du
ce
d
se
ns
at
io
n

2.
0
±
2.
0

0
1.
9
±
2.
2

0
−0

.1
±
1.
5

0
0.
49

N
eu
ro
-Q

O
L
se
ns
or
y
m
ot
or

2.
7
±
2.
6

0
2.
1
±
1.
9

0
−0

.5
±
2.
4

0
0.
05

N
eu
ro
-Q

O
L
so
ci
al
/e
m
ot
io
na
l

2.
9
±
2.
8

1
2.
3
±
1.
9

1
−0

.7
±
2.
8

2
0.
02

N
eu
ro
-Q

O
L
ac
tiv

iti
es

of
da
ily

liv
in
g

3.
4
±
2.
6

1
3.
2
±
1.
9

1
−0

.1
±
2.
7

2
0.
77

N
eu
ro
-Q

O
L
ov
er
al
lQ

O
L

2.
6
±
1.
0

0
2.
1
±
0.
9

0
−0

.5
±
0.
9

0
<
0.
01

N
eu
ro
-Q

O
L
fo
ot
-s
pe
ci
fi
c
Q
O
L

1.
5
±
1.
0

0
1.
2
±
0.
6

0
−0

.3
±
1.
0

0
<
0.
01

Im
pa
ct
of

W
ei
gh
to

n
Q
ua
lit
y
of

L
if
e
(I
W
Q
O
L
-L
ite
)

80
.3
±
24
.2

5
48
.7
±
18
.9

1
−3

1.
3
±
24
.1

6
<
0.
01

E
ur
oQ

O
L
E
Q
-5
D
-3
L

E
Q
-5
D
cu
rr
en
th

ea
lth

st
at
us

V
A
S

66
.6
±
20
.8

1
79
.0
±
14
.9

0
12
.4
±
20
.5

1
<
0.
01

E
Q
-5
D
m
ob
ili
ty

W
or
se
ne
d:

4
(5
.1
)

St
ab
le
:5

9
(7
4.
7)

Im
pr
ov
ed
:1

6
(2
0.
3)

0.
03

a

I
ha
ve

no
pr
ob
le
m
s
w
al
ki
ng

ab
ou
t

52
(6
5.
8)

0
64

(8
1.
0)

0
0

I
ha
ve

so
m
e
pr
ob
le
m
s
w
al
ki
ng

ab
ou
t

27
(3
4.
2)

0
15

(1
9.
0)

0
0

I
am

co
nf
in
ed

to
be
d

0
(0
.0
)

0
0
(0
.0
)

0
0

E
Q
-5
D
se
lf
-c
ar
e

W
or
se
ne
d:

1
(1
.3
)

St
ab
le
:7

2
(9
1.
1)

Im
pr
ov
ed
:6

(7
.6
)

0.
08

a

I
ha
ve

no
pr
ob
le
m
s
w
ith

se
lf
-c
ar
e

72
(9
1.
1)

0
77

(9
7.
5)

0
0

I
ha
ve

so
m
e
pr
ob
le
m
s
w
as
hi
ng

or
dr
es
si
ng

m
ys
el
f

7
(8
.9
)

0
2
(2
.5
)

0
0

I
am

un
ab
le
to

w
as
h
or

dr
es
s
m
ys
el
f

0
(0
.0
)

0
0
(0
.0
)

0
0

E
Q
-5
D
us
ua
la
ct
iv
iti
es

W
or
se
ne
d:

4
(5
.1
)

St
ab
le
:6

1
(7
7.
2)

Im
pr
ov
ed
:1

4
(1
7.
7)

1.
00

a

I
ha
ve

no
pr
ob
le
m
s
pe
rf
or
m
in
g
m
y
us
ua
la
ct
iv
iti
es

55
(6
9.
6)

0
64

(8
1.
0)

0
0

I
ha
ve

so
m
e
pr
ob
le
m
s
pe
rf
or
m
in
g
m
y
us
ua
la
ct
iv
iti
es

23
(2
9.
1)

0
15

(1
9.
0)

0
0

I
am

un
ab
le
to

pe
rf
or
m

m
y
us
ua
la
ct
iv
iti
es

1
(1
.3
)

0
0
(0
.0
)

0
0

E
Q
-5
D
pa
in
/d
is
co
m
fo
rt

W
or
se
ne
d:

5
(6
.3
)

St
ab
le
:5

1
(6
4.
6)

Im
pr
ov
ed
:2

3
(2
9.
1)

0.
15

a

I
ha
ve

no
pa
in

or
di
sc
om

fo
rt

32
(4
0.
5)

0
46

(5
8.
2)

0
0

I
ha
ve

m
od
er
at
e
pa
in

or
di
sc
om

fo
rt

41
(5
1.
9)

0
31

(3
9.
2)

0
0

I
ha
ve

ex
tr
em

e
pa
in

or
di
sc
om

fo
rt

6
(7
.6
)

0
2
(2
.5
)

0
0

1201

1 3



Diabetologia (2023) 66:1192–1207

Ta
bl
e
3

(c
on
tin

ue
d)

V
ar
ia
bl
e

B
as
el
in
e

M
is
si
ng

T
w
o-
ye
ar

fo
llo

w
-u
p

M
is
si
ng

C
ha
ng
e

M
is
si
ng

p
va
lu
e

E
Q
-5
D
an
xi
et
y/
de
pr
es
si
on

W
or
se
ne
d:

12
(1
5.
2)

St
ab
le
:6

0
(7
5.
9)

Im
pr
ov
ed
:7

(8
.9
)

0.
78

a

I
am

no
ta
nx
io
us

or
de
pr
es
se
d

53
(6
7.
1)

0
47

(5
9.
5)

0
0

I
am

m
od
er
at
el
y
an
xi
ou
s
or

de
pr
es
se
d

19
(2
4.
1)

0
26

(3
2.
9)

0
0

I
am

ex
tr
em

el
y
an
xi
ou
s
or

de
pr
es
se
d

7
(8
.9
)

0
6
(7
.6
)

0
0

D
ep
re
ss
iv
e
sy
m
pt
om

ol
og
y
(I
D
S-
S
R
)

18
.5
±
10
.9

0
15
.7
±
13
.0

1
−2

.9
±
10
.3

1
0.
01

P
hy
si
ca
la
ct
iv
ity

le
ve
l

W
or
se
ne
d:

16
(2
0.
3)

St
ab
le
:3

1
(3
9.
2)

Im
pr
ov
ed
:3

2
(4
0.
5)

0.
06

a

N
o
ph
ys
ic
al
ac
tiv

ity
4
(5
.1
)

0
1
(1
.3
)

0
0

O
nl
y
lig

ht
ph
ys
ic
al
ac
tiv

ity
in

m
os
tw

ee
ks

32
(4
0.
5)

0
31

(3
9.
2)

0
0

V
ig
or
ou
s
ph
ys
ic
al
ac
tiv

ity
fo
r
at
le
as
t2

0
m
in

on
ce

or
tw
ic
e
pe
r
w
ee
k

28
(3
5.
4)

0
16

(2
0.
3)

0
0

V
ig
or
ou
s
ph
ys
ic
al
ac
tiv

ity
fo
r
at
le
as
t2

0
m
in

m
or
e
th
an

tw
ic
e
pe
r
w
ee
k

15
(1
9.
0)

0
31

(3
9.
2)

0
0

p
va
lu
es

w
er
e
ca
lc
ul
at
ed

us
in
g
a
pa
ir
ed

tt
es
te
xc
ep
tw

he
re

in
di
ca
te
d
by

a
su
pe
rs
cr
ip
ta

,i
n
w
hi
ch

ca
se

th
ey

re
pr
es
en
tt
he

re
su
lt
ob
ta
in
ed

us
in
g
W
ilc
ox
on

si
gn
ed
-r
an
k
te
st

b
So

m
e
pa
rt
ic
ip
an
ts
al
so

re
po
rt
ed

no
re
sp
on
se

fo
r
ne
rv
e
co
nd
uc
tio

n
st
ud
y
an
d
Q
ST

m
ea
su
re
m
en
ts
at
ba
se
lin

e
(V

1)
an
d
fo
llo

w
-u
p
(V

2)
.N

o
re
sp
on
se

w
as

re
co
rd
ed

fo
r
pe
ro
ne
al
di
st
al
m
ot
or

la
te
nc
y
(V

1:
3,

V
2:
3)
,a
m
pl
itu

de
(V

1:
3,
V
2:
3)
,C

V
(V

1:
3,
V
2:
3)
,a
nd

F
w
av
e
in
de
x
(V

1:
5,
V
2:
2)
,s
ur
al
pe
ak

la
te
nc
y
(V

1:
6,
V
2:
6)
,t
ib
ia
ld
is
ta
lm

ot
or

la
te
nc
y
(V

1:
2,
V
2:
2)

am
pl
itu

de
(V

1:
2,
V
2:
2)
,a
nd

F
w
av
e
in
de
x

(V
2:

1)
,Q

ST
co
ld

(V
1:

2,
V
2:

1)
an
d
vi
br
at
io
n
(V

2:
1)

1202

1 3



Diabetologia (2023) 66:1192–1207

Change in CAN The primary CAN measure (E/I ratio) was
stable (−0.01 ± 0.1, p=0.89) during follow-up (Table 3).
CAN symptoms (SAS score) were also stable (+0.3 ± 5.3,
p=0.58) during follow-up. In contrast, some secondary HRV
outcomes, including sdNN (+7.5 ± 30.4, p = 0.04), rmsSD
(+9.3 ± 29.3, p<0.01), pNN50 (+5.7 ± 14.4, p<0.01) and
mHR (−9.6 ± 8.7, p<0.01) improved during follow-up, while
others (RFA, LFA and LFA/RFA) remained stable. Lastly, we
found that the number of participants with CAN (E/I ratio
<1.09) was also stable during follow-up (12.5% improved,
80.6% stable, 6.9% worsened; p=0.30).

Change in retinopathy The primary retinopathy outcome,
mean deviation, was stable (−0.2 ± 3.0, p=0.52) during
follow-up (Table 3). Both of the secondary retinopathy
outcomes, pattern SD (−0.2 ± 0.9, p=0.09) and foveal sensitiv-
ity (−0.1 ± 4.5, p=0.91), were stable during follow-up, and the
number of participants with clinical retinopathy was also stable
(4.0% improved, 94.7% stable, 1.3% worsened; p=0.67).

Change in CKD We found that eGFR significantly worsened
(−3.4 ± 10.0 ml/min per 1.73 m2, p<0.01) during follow-up
(Table 3). In contrast, the urine albumin to creatinine ratio was
stable (+0.05 ± 0.7 mg/g, p=0.56) during follow-up, as was
the number of participants meeting the KDIGO criteria for
clinical CKD (1.3% improved, 92.3% stable, 6.4% worsened;
p=0.13).

Change in patient-oriented outcomes Multiple patient-
oriented outcomes significantly improved 2 years following
bariatric surgery. Specifically, we found that pain as assessed
using the McGill VAS (−1.0 ± 2.6, p<0.01) and QOL as
assessed using the Neuro-QOL instrument (−0.6 ± 1.9,
p<0.01) significantly improved after bariatric surgery
(Table 3). We also found that overall QOL, QOL related to
problems with feet, obesity-specific QOL (IWQOL-Lite),
Neuro-QOL sub-scales specific to pain and social/emotional
well-being, patient-reported health status (EuroQOL VAS),
health status related to mobility (EQ-5D-3L) and depressive
symptoms (IDS-SR) significantly improved (p<0.05). In
contrast, Neuro-QOL sub-scales specific to activities of daily
living, sensory motor and reduced sensation, EQ-5D-3L
scales related to self-care, usual activities, pain/discomfort
and anxiety/depression, and self-reported physical activity
level did not significantly change during follow-up.

Association between metabolic risk factors and diabetes
complications Linear regression models revealed that no
changes in metabolic risk factors were associated with

changes in the IENFD of the distal leg or thigh or the E/I ratio
(Table 4), and only the change in fasting glucose was signif-
icantly associated with an improved mean deviation (point
estimate −0.7; 95% CI −1.3, −0.1).

Discussion

In a prospective cohort study of individuals with class II/III
obesity, we found that bariatric surgery successfully improved
all metabolic risk factors except BP and total cholesterol,
including a mean weight loss of over 30 kg 2 years following
bariatric surgery. We also found that significantly fewer indi-
viduals were taking anti-hypertensive medications following
bariatric surgery. Two years after bariatric surgery, we found
that one of two primary PN outcomes improved, IENFD in the
proximal thigh, whereas the other primary outcome, IENFD in
the distal leg, was stable. The primary CAN (E/I ratio) and
retinopathy (mean deviation using FDT) outcomes also
remained stable, and multiple secondary CAN outcomes
improved. Our findings probably indicate an improvement
compared with the natural history of worsening PN, CAN
and retinopathy over time [32–34]. We found that changes
in fasting glucose were associated with improvements in reti-
nopathy, but no other metabolic changes correlated with
measurements of diabetes complications. Lastly, we found
that bariatric surgery ameliorated multiple patient-oriented
outcomes, including QOL, pain and depression.

Two years after bariatric surgery, we found that one of our
two primary PN outcomes, two secondary PN outcomes and
several PN-related patient-oriented outcomes improved after
surgery. As far as we are aware, this is the largest study to
assess IENFD before and after bariatric surgery. Our finding
of improved PN is consistent with the results of two other
small studies, which assessed IENFD and corneal nerve fibre
density after bariatric surgery. The first small study (n=11)
assessed the change in IENFD at the distal leg 12 months after
bariatric surgery, and found an improvement that was not
statistically significant [35]. A second small study (n=26)
found that bariatric surgery significantly ameliorated corneal
nerve fibre density during the 12-month follow-up period
[36]. Taken together, our results from the present study,
together with those from these small studies [35, 36], indicate
that bariatric surgery probably enables regeneration of periph-
eral nerves, and therefore may be an effective therapy for
individuals with obesity. On the other hand, in the present
study, the IENFD of the distal leg was stable after bariatric
surgery, indicating that reversing damage to the more severely
affected distal nerves is more difficult or may require longer
follow-up.

Our study also found that the score for the MNSI question-
naire significantly improved, adding to the growing evidence
that bariatric surgery improves PN symptoms, as detailed in a
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recent systematic review, that assessed PN symptoms with the
Neuropathy Symptoms Score [10]. On the other hand, the
scores for the tibial distal motor latency measure, the QST
vibration threshold and vibration perception threshold from
neurothesiometer testing worsened, and more participants
met the Toronto Consensus Definition for probable PN. One
possible explanation for these conflicting results is that bariat-
ric surgery improves small-fibre nerves but does not prevent
worsening in large-fibre nerves. Another possibility is that
bariatric surgery ameliorates neuropathy in some patients by
improving the metabolic profile, but worsens neuropathy in
others as a result of nutritional deficiencies, e.g. vitamin B12

deficiency. Further studies are needed to address the reason
for the differential effects on outcomes, but it is important to
note that the PN-related patient-oriented outcomes all
improved after bariatric surgery.

In contrast to previous studies [12, 13], we were surprised
to find that primary CAN and retinopathy outcomes were
stable after bariatric surgery. One possibility is that, for indi-
viduals with long-term metabolic impairment, even a substan-
tial improvement in metabolic risk factors late in the course of
disease may not suffice to significantly reverse even mild
autonomic and retinal nerve damage. Another possibility is
that the effects of bariatric surgery on retinopathy and CAN
outcomes take longer than 2 years to manifest. Therefore,
future studies with longer-term follow-up are needed.

Alternatively, a meta-analysis found that bariatric surgery
can result in short-term progression of retinopathy for those
already diagnosed with proliferative retinopathy [13]. Thus,
stability in retinopathy outcomes may result from initial
progression followed by improvement; however, we did not
measure retinopathy outcomes throughout the study to assess
this possibility. Importantly, given that the natural history of
CAN and retinopathy is to worsen over time [33, 34], the
observed stability of primary outcomes in this study probably
represents an improvement, but controlled studies are needed
to provide more definitive evidence.

We also observed improvement in multiple secondary
CAN outcomes, including four HRV measures (sdNN,
rmsSD, pNN50 and mHR). Notably, this is the third study
to observe improvements in sdNN and rmsSD [11, 37],
perhaps suggesting that these longer-term HRV measures
may be sensitive or early indicators of CAN improvement.
As each of these measures is associated with a greater risk
of mortality, these outcomes are clinically relevant [38].
Future controlled studies are needed to confirm this important
finding, and longer-term studies are required to determine
whether HRV improvement eventually reduces the risk of
silent myocardial infarction and death. Our results indicate
that, for individuals with obesity, bariatric surgery may be
an effective approach to reverse peripheral nerve injury and
slow the progression of CAN and retinopathy.

Table 4 Association between changes in metabolic factors and diabetes complications following bariatric surgery in the 79 patients who completed in-
person follow-up

PN CAN Retinopathy

Variable IENFD distal leg IENFD thigh E/I ratio Mean deviation

Weight −0.03 (−0.1, 0.02) −0.03 (−0.13, 0.06) −0.0002 (−0.002, 0.001) −0.0003 (−0.04, 0.04)
Systolic BP −0.003 (−0.05, 0.05) −0.05 (−0.14, 0.03) −0.000007 (−0.001, 0.001) −0.02 (−0.05, 0.02)
Fasting glucose 0.74 (−0.3, 1.8) 0.11 (−1.42, 1.65) 0.01 (−0.02, 0.03) −0.7 (−1.3, −0.1)
HbA1c (mmol/l) 0.4 (−0.6, 1.3) −0.3 (−1.9, 1.3) −0.01 (−0.03, 0.01) 0.2 (−0.5, 0.9)
HbA1c (%) 0.2 (−1.4, 1.9) −0.5 (−3.1, 2.0) 0.002 (−0.04, 0.04) 0.3 (−1.0, 1.5)
HDL-cholesterol 1.0 (−2.2, 4.1) 0.7 (−4.4, 5.9) 0.01 (−0.06, 0.08) −0.07 (−2.3, 2.2)
Triacylglycerol 0.6 (−0.9, 2.0) −1.02 (−3.49, 1.45) −0.02 (−0.05, 0.02) −0.2 (−1.3, 0.8)
NCEP-defined waist circumference −0.04 (−0.1, 0.02) −0.03 (−0.13, 0.07) 0.0006 (−0.0007, 0.002) −0.01 (−0.05, 0.03)
Arm 0.04 (−0.2, 0.3) 0.08 (−0.29, 0.46) −0.002 (−0.01, 0.003) −0.002 (−0.2, 0.2)
Forearm 0.2 (−0.2, 0.6) 0.13 (−0.50, 0.77) −0.002 (−0.01, 0.007) −0.1, (−0.4, 0.2)
Calf 0.1 (−0.1, 0.4) 0.006 (−0.48, 0.49) −0.001 (−0.008, 0.006) −0.1 (−0.3, 0.1)
Mid-thigh 0.04 (−0.1, 0.2) −0.01 (−0.25, 0.26) −0.0002 (−0.003, 0.003) 0.007 (−0.09, 0.1)
Hips/thigh 0.04 (−0.1, 0.2) −0.02 (−0.21, 0.17) −0.0004 (−0.003, 0.002) −0.4 (−0.1, 0.04)
Abdomen −0.01 (−0.1, 0.05) −0.03 (−0.13, 0.07) 0.0006 (−0.001, 0.002) −0.01 (−0.05, 0.03)
Buttocks/hips 0.01 (−0.1, 0.1) −0.05 (−0.19, 0.1) 0.0004 (−0.002, 0.002) −0.008 (−0.07, 0.06)
High-waist 0.05 (−0.1, 0.1) 0.03 (−0.07, 0.1) 0.00001 (−0.001, 0.001) −0.03 (−0.08, 0.02)

Values are point estimates (95% CI)

Each row represents a single model adjusting for age, sex, baseline BMI and baseline outcomes
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While bariatric surgery is one potential intervention to
simultaneously improve multiple metabolic risk factors,
another comparable intervention is medical weight loss. We
previously studied PN and CAN outcomes in 72 participants
with obesity 2 years after medical weight loss using a similar
study design [21]. We found that medical weight loss (MWL)
more modestly improved the metabolic profile compared with
bariatric surgery, with 10.3% weight loss for MWL vs 23.8%
for bariatric surgery, a reduction in the National Cholesterol
Education Program (NCEP)-defined waist circumference of
7.3% for MWL vs 12.5% for bariatric surgery, a reduction
in triacylglycerol of 17.7% for MWL vs 19.1% bariatric
surgery, increases in HDL-cholesterol of 11.5% for MWL vs
38.6% for bariatric surgery, and a reduction in HbA1c of 5.0%
for MWL vs 7.5% for bariatric surgery. MWL stabilised
IENFD outcomes, whereas bariatric surgery improved the
IENFD of the proximal thigh. Interestingly, both studies
found an improvement in PN symptoms, as measured by a
reduction in the score for the MNSI questionnaire (21.4% for
MWL vs 25.8% for bariatric surgery), although it was more
robust after bariatric surgery. Primary CAN outcomes were
stable after both interventions, but only bariatric surgery
improved multiple secondary HRV outcomes.

Our finding that bariatric surgery improves PN and CAN
outcomes to a greater extent than MWL may result from
several possibilities. Bariatric surgery improved metabolic
abnormalities by greater magnitude and more sustainably,
with a weight loss of 31.0 kg for bariatric surgery vs 12.4 kg
for MWL, which may directly improve PN and CAN through
a dose–response relationship. Alternatively, effects of bariat-
ric surgery that are not related to weight loss may be impor-
tant. Improved hunger-related behaviours and increased levels
of gut satiety hormones have been shown to exert additional
pleiotropic effects that have a potential impact on these
outcomes. Further, changes that directly influence glucose
control, such as increased gastric emptying, modulated bile
acids or changes to gut microbiota, may ultimately improve
PN and CAN to a greater extent compared with MWL [39].
Regardless of the underlyingmechanism, bariatric surgery is a
promising disease-modifying therapy for PN, CAN and reti-
nopathy in individuals with obesity.

Simultaneously measuring changes in PN, CAN and reti-
nopathy allowed us to determine whether changes in specific
metabolic risk factors exert differential effects on diabetes
complications. Improvements in fasting glucose were associ-
ated with an improved retinopathy outcome. The relative
importance of hyperglycaemia compared with obesity and
other metabolic measures for progression of retinopathy is
consistent with findings from our previous study [5].
Specifically, in our baseline study in this same population,
we found that the prevalence of retinopathy was only higher
in obese patients with hyperglycaemia compared with lean
control participants, whereas the prevalence of PN and CAN

is increased even in obese participants with normoglycaemia
[5]. Therefore, the present study adds to the growing body of
evidence that, for retinopathy, controlling hyperglycaemia is
probably more important than controlling obesity, whereas
controlling both hyperglycaemia and obesity may both be
necessary for PN and CAN [40]. Given the importance of
central obesity measures for PN and CAN in this same popu-
lation at baseline [5, 7], we were surprised to find that specific
changes in measures of central obesity were not differentially
associated with either complication. Regression modelling
found no relationship between reduced NCEP-defined waist
circumference and improved IENFD of the proximal thigh. It
is possible that our study lacked statistical power to detect an
effect, but another possibility is that the metabolic improve-
ments were secondary to other factors.

Study limitations included a relatively small sample size and
lack of a control group. We also had significant loss to follow-
up, although, importantly, there were no baseline demographic
differences between participants who completed follow-up and
those who did not. Prior to the COVID-19 pandemic, our study
was on track to retain 85.0% of participants, but nevertheless
had a final 79.5% retention rate when including virtual visits.
As that we only assessed diabetes complications at baseline and
after 2 years of follow-up, the shorter and longer-term effects of
bariatric surgery are unknown. In addition, with the present
study design, we are unable to make causal claims.
Furthermore, our primary assessments of PN included two
small-fibre measurements, and the effects of bariatric surgery
on large-fibre PN require future study.

In conclusion, we found that, 2 years after bariatric surgery
and the resulting substantial improvements in metabolic risk
factors, one of two primary measures of PN, plus pain and
QOL improved, and CAN and retinopathy were stable. Our
study demonstrates that bariatric surgery may be an effective
approach to reverse PN in individuals with obesity, either
through the direct impact of metabolic improvement, or other
beneficial effects of bariatric surgery. Given the natural histo-
ry of worsening CAN and retinopathy, stability in these
complications probably indicates a successful result; however,
randomised controlled trials are needed to confirm these find-
ings. For retinopathy, a specific reduction in hyperglycaemia
following bariatric surgery is probably required to reverse this
complication.
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