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Background and Aims—After the Diabetes Control and Complications Trial (DCCT), the
Epidemiology of Diabetes Interventions and Complications (EDIC) study continued to
demonstrate persistent benefit of prior intensive therapy on neuropathy, retinopathy, and
nephropathy in type 1 diabetes mellitus (DM)., The relationship between control of glycemia and
gastric emptying (GE) is unclear.

Methods—We assessed GE with a 13C-spirulina breath test and symptoms in 78 participants
with type 1 diabetes at year 20 of EDIC. The relationship between delayed GE and HbA1c,
complications of DM, and gastrointestinal symptoms were evaluated.

Results—GE was normal (37 participants, 50%), delayed (35 participants, 47%), or rapid (2
participants, 3%). The latest mean HbAlc was 7.7%. In univariate analyses, delayed GE was
associated with greater DCCT baseline HbAlc and duration of DM prior to DCCT (P < 0.04),
greater mean HbA1c over an average of 27 years of follow up (during DCCT-EDIC, P = 0.01),
lower R-R variability during deep breathing (P=0.03) and severe nephropathy (P=0.05) and a
greater composite upper gastrointestinal symptom score (P<0.05). In multivariate models,
retinopathy was the only complication of DM associated with delayed GE. Separately, DCCT
baseline HbAlc (OR 1.6, 95% CI 1.1-2.3) and duration of DM (OR 1.2, 95%CI 1.01-1.3) prior to
DCCT entry and mean HbAlc during DCCT-EDIC (OR 2.2, 95%Cl 1.04-4.5) were
independently associated with delayed GE.

Conclusions—In the DCCT/EDIC study, delayed GE was remarkably common and associated
with gastrointestinal symptoms and with measures of early and long-term hyperglycemia.
ClinicalTrials.gov numbers NCT00360815 and NCT00360893.

Keywords
diabetic gastroparesis; HbAlc; glycemic control; neuropathy

INTRODUCTION

Gastroparesis is a widely recognized complication of diabetes mellitus (DM). The symptoms
of diabetic gastroparesis, predominantly early satiety, nausea and vomiting, can be severe,
refractory to medical therapy, and may adversely affect blood glucose control. However,
gastrointestinal symptoms are often non-specific and may not be associated with delayed
gastric emptying (GE); conversely, delayed GE is often asymptomatic.! Hence, an objective
measurement of GE is required to establish gastroparesis.?

Several aspects about the epidemiology and pathophysiology of diabetic gastroparesis are
incompletely understood. The prevalence of gastroparesis in type 1 DM (T1DM) has varied
widely among studies. In earlier studies from tertiary medical centers, up to 60% of
participants with long-standing TLIDM and gastrointestinal symptoms had diabetic
gastroparesis,>=> which is associated with cardiovascular autonomic dysfunction and other
microvascular complications.?: 8 However, these studies predated the routine use of
intensive insulin therapy for TIDM. More recently, (between 1995 and 2006) the
community-based cumulative incidence of symptomatic gastroparesis among participants
with TIDM was much lower, i.e., only 5%.7 It is unclear whether these different estimates
of prevalence between earlier and more recent studies are explained by underlying
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differences in the definition of gastroparesis, the advent of intensive insulin therapy for
T1DM with lower levels of chronic glycemia, and/or differences in blood glucose level
during the GE study, which is known to influence GE.2

The Diabetes Control and Complications Trial (DCCT) demonstrated that intensive versus
conventional therapy, resulting in mean Alc levels of 7% and 9%, respectively, over an
average 6.5 years, reduced the risk of diabetic retinopathy, nephropathy, and peripheral and
cardiac autonomic neuropathy by 40-60%.8 The Epidemiology of Diabetes Intensive
Complications (EDIC) study is a prospective, longitudinal, observational follow-up study of
the long-term effects of improved glycemic control among participants in the DCCT.?
Follow-up in the EDIC study has shown that the differences in retinal, renal, and nerve
outcomes observed at the end of the DCCT between the former intensive and conventional
treatment groups have persisted for as long as 14 years despite the loss of glycemic
separation.®~11 This persistent effect of past glucose control has been called “metabolic
memory.12

While acute hyperglycemia delays GE,13 the relationship between long-term control of
glycemia and GE is unclear. Increased glycated hemoglobin (HbA1c) levels were associated
with a prolonged gastric emptying lag time in Type 1 DM 14 and with gastrointestinal
symptoms in people with predominantly Type 2 DM.15 Other reports, however, have
reported no differences in HbAlc levels among 3 groups: DM with GI symptoms and
delayed GE, DM with GI symptoms and normal GE, and DM without GI symptoms.16
Moreover, in an observational cohort over 25 years, improved glycemic control did not
accelerate GE in participants with delayed GE type 1 or 2 DM.17 The relationship between
symptoms and delayed GE is weak.18

Our objectives were to evaluate GE and gastrointestinal symptoms in people with long-term
Type 1 DM who are being followed in the DCCT-EDIC study and examine the relationship
between GE disturbances, control of glycemia and other complications of DM.8 Our
hypotheses were that among patients with TLDM in the DCCT-EDIC study (i) delayed
gastric emptying is associated with greater glycemic exposure — both early and in the long
term, (ii) delayed gastric emptying is associated with long term complications of DM, (iii)
the prevalence of delayed gastric emptying is lower in patients who have been treated with
“intensive” than “conventional” glycemic therapy in the DCCT, and (iv) delayed gastric
emptying is associated with upper gastrointestinal symptoms.

METHODS

Study Design and Participants

The DCCT has been described elsewhere.19 Briefly, 1441 subjects who had T1DM for 1 to
15 years with no (primary prevention cohort) or minimal (secondary intervention cohort)
diabetic retinopathy were randomly assigned to either intensive treatment or conventional
treatment and were followed for 3 to 9 years (mean, 6.5 years).19 After the DCCT ended in
1993, intensive therapy was recommended for all subjects, and subjects in the conventional
treatment group were trained in intensive therapy. All participants returned to their own
healthcare providers for diabetes care. Of 1441 people, 1375 (96%) agreed to participate in
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the annual follow-up evaluations for the EDIC study, which began in 1994. A detailed
description of EDIC study procedures and baseline characteristics has been published.20 A
standardized history, physical examination, and laboratory testing protocol provided annual
clinical and biochemical end points.29 Glycemic control was evaluated by measuring HbAlc
quarterly during DCCT and annually during EDIC, using the same methods previously
described for the DCCT.19 Nephropathy was evaluated by biennial assessments of urine
albumin excretion and annual assessments of serum creatinine. Similar to a previous DCCT-
EDIC study, severe nephropathy was defined by an albumin excretion rate of 300 mg/day or
a history of renal replacement therapy (dialysis or transplant).2! Cardiac autonomic nervous
functions were evaluated by standardized testing (ie, R-R variation during deep breathing,
the Valsalva maneuver, and postural testing). Cardiac autonomic neuropathy was defined by
one of the following criteria: R-R variation less than 15 beats per minute, R-R variation of
less than 20 beats per minute plus a heart rate Valsalva ratio less than or equal to 1.5, or a
decrease of 10 mmHg in diastolic blood pressure at any point during 10 min of standing
after a period of 30 min of supine rest (postural hypotension). 22 Confirmed clinical
peripheral neuropathy, which was the primary outcome measure of peripheral neuropathy
during DCCT and EDIC, was defined by the presence of both clinically evident peripheral
neuropathy and abnormal nerve conduction studies.1! Retinopathy was graded with the final
Early Treatment Diabetic Retinopathy Study (ETDRS) grading scale and DCCT methods?3:
normal (grade 1), microaneurysms only (grade 2), mild (grade < 3), moderate (grades 4-5),
and severe (grade 6 or greater). The GE study was conducted in 2013-2014 (i.e., years 19—
20 of EDIC). All variables were collected concurrently except as follows: neuropathy (years
16-17), retinopathy with fundus photography (years 15-18).23

The GE study planned to enroll 80 participants at 7 EDIC centers. The statistician (ARZ)
selected 16 participants at each center, i.e., a total of 112 participants, with a random
stratification based on 4 criteria (i.e., age, sex, most recent HbAlc, and DCCT treatment
group [conventional or intensive therapy]). Age and HbA1c values were each stratified into
2 groups, i.e., less than or greater than median values at each center. Hence, there were 16
strata and 1 subject identified for each of the strata at each center. All subjects on this list
who did not have exclusion criteria were approached in the order they appeared on the list.
The exclusion criteria were an allergy to eggs, history of or active inflammatory bowel
disease, radiation therapy to the abdomen, gastric (including bariatric surgery or gastric
banding procedures) or major small bowel (i.e., resection of > 50 cm) or colonic surgery
(i.e., hemi or subtotal colectomy), clinically severe cardiopulmonary disease, current
dialysis, or use of opioid medications and/or prokinetic agents and inability to discontinue
these medications safely for four half-lives prior to the study. All study procedures were
approved by the institutional review boards of all participating centers, and all participants
provided written informed consent.

Assessment of Gastric Emptying

GE was assessed by a 13C-Spirulina gastric emptying breath test (GEBT, 223 kcal with 19.2
g carbohydrates, 12 g protein, and 10.9 g fat, AB Diagnostics, Brentwood, Tn) under an
investigator-initiated IND from the FDA (IND#G130087). The GEBT has been extensively
used and validated against scintigraphy in health and disease, including in participants with
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DM.24 25 The intra- and inter-individual variability are comparable to that for
scintigraphy.2® In addition, this GEBT has been used in over 2000 patients in Phase | and
Phase Il pharmaceutical investigations of pro-kinetic drugs under sponsors’ IND exemptions
(personal communication, AB Diagnostics), some of which have been published.26: 27

After an overnight (minimum 8 hour) fast, participants consumed the test meal containing
13C-Spirulina and either saltines or gluten-free crackers. End tidal breath samples were
obtained before and at 15, 30, 45, 60, 90, 120, 150, 180, and 240 minutes after the meal in
glass tubes using a straw to blow into the bottom of the tube to displace contained air. The
[13C] content of breath samples was determined by Gas Isotope Ratio Mass Spectrometry at
AB Diagnostics. The 13C enrichment was expressed as the delta per mL difference between
the 13C02/12C02 ratio of the sample and the standard. To calculate the quantity of 13C
appearing in breath per unit of time, the change over baseline was used where: 0.0112372 is
the isotopic abundance of the limestone standard, Pee Dee Belemnite, and CO2 production
was corrected for age, sex, height and weight using the algorithms of Schofield et al., as
described by Klein.28 The 13C excretion was used to estimate GE T % using validated
models derived from studies in which GE was simultaneously assessed by the 13C-Spirulina
platensis breath test and scintigraphy.?4 25 For the meal employed, the 10th—90th percentile
range for GE T ¥ in healthy subjects is 50-92 minutes.2> Hence, values less than 50 and
greater than 92 minutes reflect rapid and delayed GE, respectively.

To reduce the impact of acute hypoglycemia or hyperglycemia on GE, self-monitored blood
glucose (SMBG) assessments were obtained before and at 60 minute intervals for 4 hours
after the GEBT meal in order to target a SMBG value between 80 and 200 mg/dL for the
duration of the 4-hour test. The clinic coordinators called participants the evening before the
test to discuss insulin dosing or food intake. When participants had a hypoglycemic event,
defined as a blood glucose < 80 mg/dL 4 hours or more before the start of the test, glucose
tablets or, if necessary, a liquid source of carbohydrate was permitted. For hypoglycemic
events that required self-treatment within 4 hours of the test start, the GE test was delayed
until at least 4 hours had elapsed from the treatment for hypoglycemia. For hypoglycemic
events after the start of the breath test, glucose tablets were administered as needed and the
test was completed.

When the blood glucose concentration was greater than 200 mg/dL prior to starting the GE
test, insulin was administered with the dose individualized according to the patient’s
established regimen. SMBG was performed subsequently and additional insulin
administered if necessary to try and ensure a value less than 200 mg/dL before starting the
test.

Before the test meal and at each breath sampling, participants rated the intensity (0-3;
O=absent; 1=mild, present in a non-bothersome intensity; 2=relevant, clearly present and
bothersome but not of such intensity that it would interfere with normal daily activities; and
3=severe, clearly present and of such intensity that it would interfere with normal daily
activities) of 6 different symptoms (epigastric pain, fullness, bloating, nausea, belching, and
epigastric burning).2% 30
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Serological Testing for Celiac Disease

Blood testing for celiac disease was performed using a commercially available kit for tissue
transglutaminase IgA antibodies (Inova Diagnostics, San Diego Ca). The assay uses human
recombinant tissue transglutaminase as substrate; abnormal results were confirmed by
testing for antiendomysial antibodies using indirect immunofluorescence on monkey
esophagus.

Assessment of Symptoms

Participants recorded their upper gastrointestinal symptoms in a validated diary (i.e.,
Gastroparesis Cardinal Symptom Index (GCSI)-Daily Diary) every day for 1 week.31: 32 The
GCSl includes 11 of 20 symptoms in the Patient Assessment of Upper Gastrointestinal
Disorders-Symptoms (PAGI-SYM) questionnaire, which inquires about upper GI symptoms
over the past 2 weeks;33 and is the “recall” version of the daily diary.31 32 A separate
composite subscore consisting of nausea, vomiting, fullness and pain was computed as an
exploratory endpoint to summarize symptoms.34 The PAGI-SYM and PAGI-QOL
instruments were administered to evaluate symptom severity and the impact of symptoms on
quality of life respectively.3% 36 Because the PAGI-SYM instrument does not evaluate
bowel symptoms, gastrointestinal symptoms were also evaluated with the Rome 111
gastrointestinal symptom questionnaire.37: 38 All authors had access to the study data and
reviewed and approved the final manuscript.

Statistical Analysis

Univariate associations between various factors and GE, which was characterized as normal
or delayed were assessed by Fisher’s exact test for categorical variables and by the
Wilcoxon rank sum test for continuous variables. The associations among continuous
variables were assessed using Spearman correlation coefficients. Two multiple variable
logistic regression models were used to identify factors independently associated with
delayed GE. Consistent with our understanding of putative risk factors for delayed GE in
DM and the results of the univariate analyses, these models incorporated the other
complications of DM (i.e., autonomic neuropathy, retinopathy, and nephropathy, Model 1)
and measures of glycemic control at various times (Model 2). Limited by the number of
patients with delayed GE, we only incorporated 3 variables in each model. Odds ratios based
on the coefficients (and their standard errors) from the logistic models to predict delayed GE
(compared to normal GE) are reported. Summary data are reported as mean (xSEM) or
median (25™,75™ percentiles) for quantitative characteristics and as frequencies (%) for
discrete characteristics. All analyses were done using SAS® (Version 9.3, SAS Institute Inc.,
Cary, NC).

RESULTS

Participation Rates, Demographic Characteristics, and Serological Tests for Celiac
Disease

Of 112 eligible participants, 111 were approached regarding participation in the study; 1 was
not approached because the clinic had reached its limit of 10 participants. Of the remaining
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111 participants, 79 participated in the GE study. The remainder declined to participate
(n=22), or were ineligible to participate because of illnesses or surgeries (n=8) or inability to
attain a fasting blood glucose concentration between 80-200 mg/dl before the study (n=2).
Of the 79 participants, 1 vomited the GEBT meal and 4 participants did not complete breath
collections because the blood glucose concentration could not be maintained between 80 and
200 mg/dl. These 74 participants had participated in the DCCT and EDIC studies for an
average of 7 and 20 years respectively.

The distributions of age, sex, therapy during DCCT, and most recent HbAlc in EDIC were
not significantly different between these 79 participants and the remaining 33 EDIC
participants who were identified at the 7 centers but did not participate in the study. Age was
not significantly associated with participation (54 + 1 years for participants vs 52 + 1 years
for non-participants) (Table 1). Fifty percent of participants in each group (i.e., participants
and non participants) were women. Fifty percent of participants and 41% of non-participants
were randomized to intensive therapy during DCCT. The most recent HbA1c in the EDIC
study was higher in nonparticipants (8.2 £ 0.2%) than participants (7.8 + 0.1%). Tissue
transglutaminase antibodies (anti-tTG) were negative (<20 AU/ml) in all patients, indeed
less than 1 AU/ml in 78 patients. In 1 patient with an anti-tTG titer of 4.61 AU/ml, testing
for antiendomysial antibodies confirmed the absence of celiac disease. A comparison of the
74 participants who completed the study with the entire EDIC cohort of 1275 participants
reveals similar distributions of age (55 years in this study versus 53 years in the overall
cohort) and sex (50% versus 47% women), and the proportion of participants who received
intensive treatment in DCCT (50% versus 51%). However, in the GE subcohort, a greater
proportion of participants had severe proliferative retinopathy (38% versus 23%), cardiac
autonomic neuropathy (42% versus 32%) and clinically-evident peripheral neuropathy (42%
versus 37%).

Gastric Emptying

Gastric emptying was normal with T1/2 of 50-92 min (37 participants, 50%), delayed with
T1/2> 92 min (35 participants, 47%), or rapid with T1/2 <50 min (2 participants, 3%) (Table
and Figure 1). The 2 participants with rapid GE, both men, are not included in the remaining
analyses. The average GE time was 73 + 2 minutes in patients with normal and 140 + 7
minutes in patients with delayed GE. The mean + SEM (range) fasting SMBG level prior to
and during the GEBT study were 151 + 4 mg/dl (range 80-213 mg/dl) and 159 + 5 mg/dI
(range 82-282 mg/dI) respectively. The gastric emptying T1/2 was not correlated with the
following SMBG values during the GEBT: fasting (r = —0.07, P=0.58), average (r = —0.14,
P=0.23), maximum (r = —-0.15, P=0.20), or the difference (maximum — fasting) SMBG (r =
-0.18, P=0.13).

Relationship of Demographic Features and Glycemic Control with Gastric Emptying —
Univariate Analysis

Gastric emptying was not significantly associated with age, sex or BMI and the proportion
of participants who were treated with intensive therapy in DCCT was not significantly
associated with GE (Table 1). Participants with delayed GE had DM for a longer duration
(90 + 8 versus 69 + 8 months P=0.04) and a higher HbAlc (9.6 + 0.3 vs 8.3 =+ 0.2%,
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P=0.002) before DCCT (Table 1 and Figure 1). The mean HbAlc during EDIC (P=0.03)
and the mean HbAl1c across DCCT and EDIC (P=0.01) were also associated with GE, being
higher in participants with delayed GE (Table 1). However, the mean HbAlc during DCCT,
and the most recent HbAlc were not significantly associated with GE.

Relationship between Complications of DM and Gastric Emptying — Univariate Analysis

Table 2 provides the distribution of diabetes complications in participants with normal and
delayed GE. Delayed GE was associated with clinically evident (P=0.055) and confirmed
peripheral neuropathy (P=0.02) and with lesser mean R-R variation with deep breathing
(P=0.03), indicating cardiovagal dysfunction (Table 2). The prevalence of cardiac
autonomic neuropathy as defined above, was not significantly greater in delayed (18
participants [51%]) than normal (12 participants [33%]) GE (P=0.15).

A greater proportion of participants with delayed (49%) than with normal (27%) GE had
severe proliferative diabetic retinopathy (P=0.02). While the median albumin excretion rate
and estimated GFR were not significantly associated with GE status, a greater proportion of
participants with delayed (6 participants, 17%) than with normal GE (1 patient, 3%) had a
severe nephropathy (P=0.05).

Multiple Variable Models of Risk Factors for Delayed Gastric Emptying

In Model 1, which incorporated complications of DM, retinopathy was significantly
associated with an increased risk of delayed versus normal GE (OR 6.5; 95% ClI 1.2, 34.1);
the odds ratios for autonomic neuropathy and nephropathy were also greater than 1 but 95%
Cl values crossed 0 (Table 3). In Model 2, which had a higher c-statistic of 0.79, baseline
HbA1c before DCCT (OR 1.7; 95% CI 1.2, 2.4), the duration of DM prior to DCCT entry
(OR 1.14; 95% CI 1.007, 1.3), and the mean HbA1c during DCCT and EDIC (OR 2.3; 95%
Cl 1.1, 4.7) were independent predictors of delayed versus normal GE.

Gastrointestinal Symptoms

Gastrointestinal symptoms evaluated by questionnaires were not significantly associated
with delayed GE (Table 4). Among patients with delayed GE, functional bowel symptoms
included diarrhea or diarrhea-predominant irritable bowel syndrome (n=4), constipation or
constipation-predominant irritable bowel syndrome (n=7), and abdominal bloating (n=2).
Moreover, neither the total GCSI symptom score (0.11 [0.02, 0.41]; median [IQ range] in
delayed vs (0.10 [0.0, 0.40]) in normal GE, P=0.31), nor the subscores for nausea/vomiting,
fullness/early satiety, and bloating (data not shown), derived from daily symptom diaries
were significantly different between those with delayed compared to those with normal GE.
However, the composite score for nausea, fullness, vomiting, and pain was associated with
GE (P=0.049) being greater in the delayed group (0.14 [0.0, 0.32]; median [1Q range]) than
in the normal group (0.0 [0.0,0.38]). Moreover, this score was correlated (r=0.25, P=0.04)
with GE half time.

Only 10 patients reported any (of 6) symptoms, mostly of mild severity, before starting the
GEBT (Table 5). Forty one participants reported that at least one (of 6) symptoms increased
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by 1 unit during the GEBT. The GE half time was not significantly correlated with the
change (after — before GEBT meal) for any of these 6 symptoms.

Health Care Utilization

Participants with delayed gastric emptying reported more (P=.03) office visits than
participants with normal gastric emptying (Table 2). Likewise, the number of emergency
room and hospital visits in the past year was also higher; however, associations were not
significant. The number of office visits was correlated (r=.27, P=.02) with gastric emptying
half time, duration of DM (r=.25, P=.03), BMI (r=.22, P=.06) and the number of hospital
visits (r=.30, P=.007), inversely correlated with R-R variability (r= -.30, P<.01), but was
not correlated with HbAlc (r=-.03, P=.78) or eGFR (r=-.10, P=.39).

DISCUSSION

By studying a unique cohort with longitudinal and comprehensive assessments of glycemia
and other putative risk factors for gastroparesis over an average of 27 years, these findings
provide new insights into the prevalence of and risk factors for delayed GE in DM. Among
participants with longstanding but generally well-controlled, type 1 DM, 48% had delayed
GE, which was associated with generally mild symptoms of dyspepsia. The prevalence of
delayed GEis high, indeed comparable to the prevalence among patients with long-standing
T1DM and gastrointestinal symptoms who were not treated with intensive insulin
therapy.3-° Furthermore, it is considerably greater than the previously reported cumulative
incidence over 11 years of symptomatic gastroparesis among participants with TIDM,
which was only 5%, 7 perhaps because the latter estimate was derived from symptomatic
patients who presented for care. Three risk factors (i.e., baseline HbAlc and duration of DM
at entry into DCCT and mean HbA1c over 30 years during DCCT and EDIC) independently
discriminated delayed from normal GE. Other than an association between HbAlc and the
GE lag time, to our knowledge, this is the first demonstration that long-term glycemic
control affects GE in DM. The GE was not correlated with blood glucose values before or
during the study, and blood glucose was generally maintained between 80 and 200 mg/dl
during the GEBT. However, we cannot exclude the possibility that mild acute
hyperglycemia might partly explain delayed GE in this study.

It is useful to consider long-term glycemic exposure during the DCCT-EDIC studies in 3
periods, i.e., before DCCT, during DCCT, and during EDIC. These observations extend
findings from the DCCT cohort that “the initial level of HbAlc observed at eligibility
screening as an index of pre-DCCT glycemia and the duration of type 1 diabetes on entry
were the dominant baseline predictors of the risk of progression” of retinopathy and other
complications3?. Also, mean HbA1lc during EDIC was independently associated with an
increased risk of peripheral autonomic neuropathy.*9 Similar to delayed GE in the current
study, total hyperglycemia exposure, incorporating HbAlc and duration of DM, was also a
risk factor for peripheral neuropathy in a population-based study of DM.41: 42 However, in
the current study intensive glycemic therapy for an average of 6 years during DCCT did not
appear to be associated with a reduced risk of delayed GE measured approximately 21 years
later in this study. Because GE was not assessed in the conventional and intensive treated
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groups during the DCCT, the early effects of intensive therapy on GE in DM are unknown.
Taken together, these observations suggest that long-term hyperglycemia is related to the
risk of delayed GE in DM and that intensive therapy should reduce delayed GE. While this
is sensible, it is unclear if improving glycemic control improves GE in diabetic gastroparesis
in this study or elsewhere.43: 44

Compared to participants with normal GE, participants with delayed GE had a lower R-R
variation with deep breathing, which suggests a vagal neuropathy, and a higher prevalence
of clinically-confirmed peripheral neuropathy at DCCT baseline and closeout and at year
13/14 of EDIC. Other complications (e.g., severe nephropathy) were also nominally more
common in participants with delayed GE but differences were not significant. This may be
partly attributable to a type Il error. Our sample size (i.e., 37 participants with normal and 35
participants with delayed GE) provided 80% power at an a level of 0.05 to identify an
absolute difference in the proportions of the prevalence of any risk factor of approximately
0.3 units between the 2 groups. For variables such as cardiac autonomic neuropathy, the
actual difference (33% for normal versus 51% for delayed GE) was less than 30%.

The composite score for nausea, fullness, vomiting, and pain derived from daily
questionnaires was greater in patients with delayed than normal GE. In addition, the nausea/
vomiting subscore of the GCSI was correlated with the GE rate. However, these scores, the
symptom scores during the GEBT, and the impact of GI symptoms on QOL were relatively
low, even in participants with delayed GE, consistent with mild symptoms and impact on
QOL. Indeed, delayed gastric emptying in diabetes is often asymptomatic.2 However,
participants with delayed GE reported nausea for an average of 50 minutes daily. In contrast
to daily diaries, symptoms recorded by symptom questionnaires were not significantly
different between participants with delayed and normal GE, which underscores the
importance of assessing symptoms by daily diaries.

Our findings were derived from 74 of approximately 1275 participants in the EDIC cohort.
While the distributions of age and sex and the proportion of participants who received
intensive treatment in DCCT were similar in this study and the entire cohort, a greater
proportion of participants had complications in this cohort than in the overall study. Hence,
these findings need to be confirmed in a larger cohort of EDIC participants. While severe
hyperglycemia did not occur during the GEBT, even relatively high blood glucose
concentrations, albeit in the physiological range, can delay GE.*° Diabetic gastroparesis is
associated with small intestinal bacterial overgrowth documented by a lactulose-hydrogen
breath test,*6 rather than the criterion standard (i.e., culture of small intestinal aspirate).
Diabetic diarrhea is very rarely associated with exocrine pancreatic insufficiency or bacterial
overgrowth with malabsorption.4” The accuracy of the GEBT has not been formally
evaluated in patients with small intestinal bacterial overgrowth or exocrine pancreatic
insufficiency. It is theorecticall possible that malabsorption and exocrine pancreatic
insufficiency may affect the absorption of 13C, hence the accuracy of the GEBT.
Maldigestion or malabsorption severe enough to affect absorption of 13C would likely
manifest with symptoms of the same. However, only 6 patients with delayed GE reported
any symptoms that might suggest small intestinal bacterial overgrowth (i.e., diarrhea or
abdominal bloating); this proportion was not different compared to patients with normal GE.
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Taken together, these observations suggest that an artifact related to small intestinal bacterial
overgrowth or exocrine pancreatic insufficiency is unlikely to explain the observed delayed
GE in this study.

In summary, 47% of participants with type 1 DM in the EDIC cohort had delayed GE. Early
hyperglycemic exposure, as measured by the duration of DM and HbAlc at DCCT baseline

and ongoing hyperglycemia, as quantified by the mean HbAlc during DCCT-EDIC, were
associated with delayed GE. Delayed GE was associated with other complications of DM,
particularly severe retinopathy, and to a lesser extent with cardiovascular vagal dysfunction,
and severe nephropathy.
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Table 1

Demographic, Lifestyle, and Diabetes Characteristics by Gastric Emptying Categories*

Page 16

Characteristic

Normal (n = 37)@ Delayed (n = 35)

P ValueP for Association
With Group Status

Demographics and Lifestyle
Women, No (%)
Age, years
BMI, Kg/m?2
Current cigarette smoking, No (%)
Diabetes mellitus
Duration of DM before starting DCCT, months
Total duration of DM
DCCT assignment (INT group), No (%)
DCCT - baseline HbAlc, %
DCCT - time-weighted average HbAlc, %
EDIC - Latest HbAlc, %
EDIC - time-weighted average HbAlc over 20 years, %
DCCT and EDIC - time-weighted average HbAlc

Current treatment with pump or multiple daily injections, No (%)

17 (46%)

54+1.1

28+0.9
0

6984
399 + 10
18 (49%)
8.3+0.2
78+0.2
76+.1
75+01
76+0.2

37 (100%)

19 (54%)

56+ 1.2

29+0.9
1

90£84
412+9
19 (54%)
9.6+03
8.3+0.2
79+ 2
8.1+0.2
8.1+0.2
33 (94%)

0.64
0.09
0.6

0.04
0.3
0.65
.002
17
.22
.03
0.01
0.24

a\/alues are numbers or mean (SEM) unless stated otherwise. Normal T1/2= 50-92 min.; Delayed T1/2 >92 min.

Abbreviations: DCCT =Diabetes Control and Complications Trial; EDIC =Epidemiology of Diabetes Interventions and Complications Study; INT

= intensive diabetes therapy;
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Table 2

Complications of DM by Gastric Emptying Categories?®

Page 17

Characteristic Normal (n=37) Delayed (n = 35) P Value? for Association With Group
Status
Cardiac autonomic neuropathy
R-R variation with deep breathing 27+25 19+25 0.03
R-R variation <15 10 (27%) 16 (46%) 0.14
Valsalva ratio (average of 2 measurements) 1.8+.05 1.7+ .06 0.11
Valsalva ratio < 1.5 4 (11%) 12 (35%) 0.18
Postural change in diastolic blood pressure 2 (5%) 3 (9%)
CAN prevalence 12 (33%) 18 (51%) 0.15
Peripheral neuropathy
Clinically confirmed 6 (16%) 15 (43%) 0.02
Retinopathy
No Retinopathy 3 (8%) 2 (6%) NA
Microaneurysms only 4 (11%) 2 (6%) NA
Mild NPDR 13 (35%) 6 (17%) NA
Moderate NPDR 7 (19%) 8 (23%) NA
Severe PDR or worse 10 (27%) 17 (49%) 0.02
Nephropathy
Serum creatinine, mg/dl 0.9+0.03 1+0.06 NA
Estimated GFR, ml/min 83+3 80+4 NA
Sustained estimated GFR < 60 ml/min 4 (11%) 7 (20%) NA
Albumin excretion rate ¢ 115(43,18.7)  122(65,19.4) NA
Dialysis 0 3 (9%) NA
Renal transplant 0 3(9%) NA
Severe nephropathy d 1(3%) 6 (17%) 0.05
Hypoglycemia
Six or more weekly episodes of mild hypoglycemia 6 (16%) 3 (9%)

NA - not assessed

a\/alues are numbers (%) or mean (SEM) unless stated otherwise.

CAN prevalence is defined as any one of the following conditions: R-R variation < 15, R-R variation 20 in combination with Valsalva ratio < 1.5,

or postural hypotension.22

c .
Data are medians (IQ range)

dSevere nephropathy defined as albumin excretion rate > 300 mg/day, renal transplant or dialysis.

Abbreviations: NPDR = non proliferative diabetic retinopathy
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Table 3
Multiple Variable Predictor Models for Delayed Gastric Emptying in Type 1 Diabetes Mellitus

Parameter Qdds Ratios (95% CI)
Model 1 Model 2

Autonomic neuropathy 1.2 (0.4,3.5)

Retinopathy 6.5(1.2,34.1)

Nephropathy 5.3 (0.53,52.0)

DCCT - Baseline HbAlc 1.6(1.1,2.3)

Duration of DM prior to DCCT (per 12 months) 1.2(1.01,1.3)

DCCT and EDIC - average HbAlc over 30 years 2.2(1.04,4.5)

C statistic 0.67 0.78

Gastroenterology. Author manuscript; available in PMC 2016 August 01.

Page 18



1duasnuen Joyiny

1duosnuen Joyiny

Bharucha et al. Page 19

Table 4

Gastrointestinal Symptoms by Gastric Emptying Categories

Characteristic Normal (n=37)  Delayed (N =35)  p valueb for Association With Group Status

Gl symptoms (Rome Criteria) &
Functional dyspepsia 3(8%) 6 (18%) 0.29
Functional bowel symptoms 10 (28%) 13 (37%) 0.32

Gl Symptom Severity — PAGI scale ©

Heartburn/regurgitation 0.25 (0.08) 0.30 (0.07) 0.60
Nausea, vomiting 0.06 (0.02) 0.18 (0.08) 0.15
Satiety 0.65 (0.13) 0.67 (0.15) 0.92
Abdominal bloating 0.89 (0.21) 0.70 (0.17) 0.50
Upper abdominal pain 0.28 (0.11) 0.49 (0.16) 0.39
Lower abdominal pain 0.35(0.13) 0.42 (0.14) 0.63
Total PAGI symptom score 0.41 (0.09) 0.46 (0.10) 0.73

Quality of life - PAGI scale ©

Daily activities 0.018 (0.005) 0.03 (0.01) NA
Diet 0.05 (0.017) 0.07 (0.02) NA
Psychological 0.04 (0.01) 0.04 (0.01) NA
Clothing 0.15 (0.04) 0.17 (0.09) NA
Relationship 0.01 (0.006) 0.05 (0.03) NA
Total 0.05 (0.02) 0.08 (0.03) 0.49

NA - not assessed
aValues are presented as N (%)
b_. ;
Fisher exact test or Wilcoxon rank sum test.

CSymptoms and QOL are ranked on a scale of 0 (none) to 5 (very severe) where 1 represents very mild symptoms
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