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Abstract. Pulsatile intravenous insulin therapy (PIVIT) is a 
means of imitating naturally occurring insulin pulses arti-
ficially. It is thought to improve carbohydrate metabolism, 
which can be assessed using the respiratory quotient (RQ). 
The aim of this present study was to assess the efficacy and 
safety of PIVIT for the improvement of RQ in Chinese patients 
with diabetes mellitus (DM). This 12‑week, multi‑center, 
prospective, randomized, open‑label, parallel‑group study 
involved 110 DM patients (both type 1 and type 2) whose RQ 
was <0.8. Of these, 53 patients formed the control group, in 
which standard anti‑diabetic therapy was maintained, and 
54 patients formed the treatment group, which underwent 
weekly PIVIT in addition to the administration of standard 
anti‑diabetic therapy. RQ was evaluated monthly in control 
subjects, and before and after every PIVIT treatment in the 
treatment group. After weekly PIVIT for 12 weeks, the mean 
RQ increased from 0.70 to 0.90 in the treatment group, but did 
not change in the control group. The percentage of subjects 
reporting adverse events (AEs) was 31.5% (17/54) in the treat-
ment group and 9.43% (5/53) in the control group (P=0.0053). 
The most frequently reported AE (by 12 subjects) was a 
gastroenteric reaction when these individuals were receiving 
50% glucose during the PIVIT treatment. The majority of AEs 
were mild and did not interfere with the ongoing treatment. 
Thus, PIVIT can be viewed as tolerated and effective for the 
improvement of RQ in Chinese DM patients. This study was 
retrospectively registered with the Chinese Clinical Trial 

Registry (http://www.chictr.org.cn) on November 13th 2019 
(registration no. ChiCTR1900027510).

Introduction

Insulin secretion occurs in a pulsatile manner into the circula-
tion of humans and animals, with fast pulses occurring every 
5‑15 min (1,2). Insulin is secreted into the portal vein and 
undergoes partial (40‑80%) hepatic extraction, before being 
diluted into the systemic insulin pool. Peripheral insulin 
concentrations oscillate because of the pulsatility of insulin 
secretions (3). Pulsatile insulin concentrations are important 
to achieve optimal insulin action, especially the metabolic 
effects of insulin, such as the suppression of hepatic glucose 
output and overall insulin secretion (4). However, insulin 
pulsatility is disrupted in patients with type 2 diabetes mellitus 
(T2DM) (5), first‑degree relatives who lack significant meta-
bolic abnormalities (4), and patients with early type 1 diabetes 
mellitus (T1DM) (6).

Pulsatile infusion and multiple daily subcutaneous injec-
tions have been reported to have a greater hypoglycemic effect 
than continuous delivery (7), and also to prevent metabolic and 
microvascular complications in T1DM (6,8‑10). Whereas the 
commonly used methods of therapeutic insulin administration 
are not pulsatile in nature, several well‑known classes of phar-
macological agents that are used to treat patients with T2DM 
increase plasma insulin in a pulsatile manner in both humans 
and animals, but without significantly modifying insulin pulse 
frequency (11,12).

Using an artificial pancreas system to replicate the physio-
logical insulin pulse patterns could be one approach to providing 
effective intravenous insulin infusion in patients with DM for 
whom traditional therapy is insufficient (13,14). Pulsatile intra-
venous insulin therapy (PIVIT) involves once‑weekly sessions 
during which pulsatile intravenous insulin and concurrent oral 
glucose or quantified amounts of carbohydrate are admin-
istered, according to a standard protocol and under medical 
supervision (15).

Respiratory quotient (RQ) is the ratio of the volume of 
carbon dioxide produced to the volume of oxygen consumed, 
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and is an excellent indicator of substrate oxidation (16). 
Oxygen consumption (VO2) and carbon dioxide produc-
tion (VCO2) occur during the oxidation of carbohydrate, 
protein and fat, but the associated RQ values differ according 
to the substrate being metabolized.; the RQ values are 0.7 for 
fat, 0.8 for protein and 1.0 for glucose (16,17). Low RQ has 
been frequently observed in patients with DM (18), because in 
diabetes, fat replaces glucose as the main source of energy, and 
this increase in fat consumption, alongside that of protein, is a 
contributing factor to hypermetabolism.

The purpose of the present study was to assess the efficacy 
and safety of PIVIT for the improvement of RQ in Chinese 
patients with DM.

Subjects and methods

Ethics statement. The present study was retrospectively regis-
tered in the research registry (www.chictr.org.cn; registration 
no. ChiCTR1900027510; November 13th 2019). The study 
protocol and informed written consent forms were approved 
by the research ethics committee of Peking University 
First Hospital [approval no. (2012)‑Instrument Registration 
No. (15)], and the study was carried out in accordance with 
the principles of the Declaration of Helsinki. All patients gave 
their informed written consent to participate in the study.

Study population. The inclusion criteria were a diagnosis 
of DM that was made according to the 1999 World Health 
Organization diagnostic criteria, and a measured RQ of <0.8. 
A total of 110 patients with DM were recruited from July 2012 
to September 2013 from Peking University First Hospital 
and Peking University Shougang Hospital, and were enrolled 
in the present study (Fig. 1). Specific anti‑diabetic therapies, 
including the use of any oral anti‑diabetic agents and insulin, 
were recorded in a questionnaire.

The exclusion criteria were as follows: The presence of 
hypokalemia; pregnancy or intended pregnancy; or a history of 
unstable cardiac disease (including new or worsening signs or 
symptoms of coronary heart disease within 3 months of study 
entry). Additional exclusion criteria were any of the following 
within 6 months of study entry: Acute coronary syndrome, 
stroke or ischemic event; coronary artery intervention or 
New York Heart Association Class II‑IV congestive heart 
failure; significant renal impairment (creatinine clearance rate 
<50 ml/min); high (>2X the upper limit of normal) plasma 
alanine aminotransferase or aspartate aminotransferase 
activities; or high plasma triglycerides (>600 mg/dl).

The key withdrawal criteria were intolerance of the study 
drugs, an inability to continue adherence to the protocol and 
unwillingness to continue in the study.

Randomization. Randomization codes were generated using 
SAS version 9.10 (SAS Institute, Inc.) for the eligible patients. 
The researchers randomly assigned cards and ensured that 
they were sealed inside envelopes with sequence numbers that 
were the same as the card numbers. Patients were randomly 
assigned (1:1) to each of the two treatment groups.

Procedures. The total duration of the study was 12 weeks. A 
total of 53 patients formed the control group. These patients 

continued their standard anti‑diabetic therapy, and had their 
RQ evaluated every 4 weeks, while 54 patients formed the 
treatment group (the PIVIT group) and underwent weekly 
PIVIT in addition to their standard anti‑diabetic therapy.

RQ, the ratio of the mean CO2 produced to the mean O2 
consumed/minute, was automatically calculated using a 
VacuMed® (VacuMed YD 17590; Vacumetrics, Inc.). Patients 
fasted for at least 8 h overnight, after which indirect calorimetry 
was performed the following morning. The humidity of the 
testing room was maintained at 45‑60% and the temperature 
at 24‑26˚C.

The initial PIVIT treatment was carried out three times a 
day, at 30 min intervals for 2 days, and was then continued 
once weekly, three times a day. The PIVIT protocol was 
performed as previously described (6). RQ was evaluated 
before and after every treatment, and the fasting blood of 
all patients was collected for the measurement of glucose 
and lipid levels. Glucose and lipid levels were measured 
using Beckman Coulter AU chemistry analyzers obtained 
from commercially available kits (Beckman Coulter, Inc.) 
according to manufacturer's protocol. A standard question-
naire was completed, which included general information, 
family history, medical history and details of the medica-
tion being used. During the evaluation, height, body mass, 
blood pressure and pulse were measured. Blood and urine 
were collected at the baseline stage and after 12 weeks to 
determine the levels of glucose and glycated hemoglobin 
(HbA1c), as well as the lipid profile and urinary protein 
excretion.

The procedures undertaken for the PIVIT group were 
as follows: i) Capillary blood glucose was measured 
using an Accu-CHEK® Performa Blood Glucose Meter 
(Roche Diagnostics). If the blood glucose was <8 mmol/l, 
oral glucose (50% glucose injection, 20 ml, 10 g; Otsuka 
Pharmaceutical Co., Ltd.) was administered to increase 
the blood concentration. ii) An ambulatory infusion pump 
(10 pulses/h; Microdose®; Bionica Corp.) was used. A volume 
of 1 ml insulin (Novolin R®; 3 ml/300 IU; Novo Nordisk A/S) 
and 9 ml normal saline (0.9% saline; Baxter International, Inc.) 
were mixed in a 10‑ml syringe, and the syringe was loaded 
into the syringe driver on the left of the pump. iii) The infu-
sion pump was then connected to a hand or forearm vein. RQ 
was evaluated before connecting the pump to a vein. iv) The 
capillary blood glucose of patients was then monitored every 
30 min by nurses. If blood glucose levels were <8 mmol/l, 
patients were administered oral 50% glucose therapy and their 
blood glucose concentration was measured every 15 min until 
it reached 8 mmol/l. v) Resting VO2 and VCO2 were measured 
after the treatment. vi) The patients left the hospital when 
they had completed the treatment and their blood glucose was 
>8 mmol/l.

Assessment of efficacy. After 12 weeks of treatment, an 
RQ ≥0.9 was considered to represent clinical efficacy (6), 
while an RQ <0.9 was considered to represent inefficacy.

Safety assessment. Adverse events (AEs), serious AEs and 
adverse reactions were recorded during the study period. A 
serious AE was defined as an event that resulted in death; 
required inpatient hospitalization or the prolongation of 
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existing hospitalization; resulted in persistent or significant 
disability/incapacity.

Statistical analysis. All statistical analyses were performed 
using the SPSS statistical package (version 13.0; SPSS, Inc.). 
Quantitative data are presented as the mean ± SD, or the 
median with minimum, maximum and quartile values. 
Qualitative data are described as a number and percentage. 
Paired t‑tests were used to analyze changes in clinical param-
eters from the baseline values. Comparisons of clinical and 
laboratory parameters between the PIVIT and control groups 
were performed using paired t‑tests or the Wilcoxon rank 
sum test, as appropriate. The paired‑sample t‑test was used to 
compare data before and after treatment. Comparisons of the 
safety of each therapy were performed using the χ2 test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Baseline clinical characteristics. The baseline clinical charac-
teristics of the subjects are presented in Table I. Compared with 
treatment group, the control group had a higher proportion of 
alcohol drinkers and had higher blood glucose concentrations. 
The age, sex, body mass index, baseline RQ, diabetic compli-
cations, blood pressure, respiration rate, heart rate, HbA1c, and 
anti‑diabetic treatments did not differ between the two groups.

Assessment of PIVIT treatment efficacy. Patients in the treat-
ment group showed a significant increase in the RQ after the 
weekly PIVIT treatment. At the end of the 12‑week study 
period (13 visits), the mean RQ of the PIVIT group had 
increased from 0.70 to 0.90, but there was no change in the 
control group (Table II). The RQ before treatment at each visit 
was also compared between the treatment and control groups. 
The RQ at the first visit did not differ between the two groups 
(P=0.273), but during the 6, 10 and 13th visits, the RQ before 
the daily treatment was significantly higher in the treatment 
than in the control group (P<0.05) (Table II).

After PIVIT treatment, 26 patients in the treatment group 
had an RQ ≥0.9, and the clinical efficacy rate was therefore 

61.9% (26/42). By contrast, none of the patients in the control 
group had an RQ ≥0.9. The proportion of subjects with 
RQ ≥0.9 before treatment at each visit is shown in Fig. 2. In 
the treatment group, the percentage of subjects with RQ ≥0.9 
gradually increased over the study period, peaking at the 
12th visit (29.7%), but slightly decreasing at the 13th visit 
(to 21.4%). However, there was no improvement in the control 
group.

Assessment of clinical characteristics after PIVIT treatment. 
The clinical measurement values before and after PIVIT were 
measured in the treatment group. HbA1c was improved during 
the study period in subjects in both groups in the present 
study (PIVIT: 8.02±1.62 vs. 7.76±1.23 mmol/l, P=0.024; and 
Control: 7.84±1.92 vs. 7.36±1.30 mmol/l, P=0.003). However, 
there were no significant differences between the two groups 
after the study period (P=0.507; data not shown). Systolic 
blood pressure improved (P<0.05), and blood glucose also 
showed a non‑significant improvement (Table III).

Assessment of the safety of PIVIT. The percentage of subjects 
reporting AEs was 31.5% (17/54) in the treatment group and 

Figure 1. Trial profile. Inclusion and exclusion criteria are presented. The total dropout rate was 21.5%. PIVIT, pulsatile intravenous insulin therapy.

Figure 2. Percentage of subjects in each group with respiratory quotients ≥0.9 
before treatment at each visit. C, control group; T, treatment group.
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9.43% (5/53) in the control group (P=0.0053). No serious AEs 
occurred in either group. The AEs in the treatment group 
included 12 cases of gastrointestinal reactions, comprising 
mainly nausea, vomiting, diarrhea and anorexia, all of 
which were closely related to taking 10‑50 g of glucose to 
maintain a blood glucose of >8 mmol/l during the treatment, 
and were relieved by eating or symptomatic treatment. The 
other adverse reactions are listed in Table IV. Hypoglycemia 
and gastrointestinal reactions were the most common. 
Hypoglycemia in the treatment group mostly occurred after 
treatment or during the evening of the treatment day, whereas 

hypoglycemia in the control group did not tend to occur at 
a specific time, and could be rapidly alleviated by eating or 
consuming oral glucose.

Discussion

The purpose of the present clinical study was to evaluate the 
safety and efficacy of PIVIT for the improvement of RQ in 
patients with T1DM and T2DM, using a repeatable standard-
ized metabolic assay. A total of 110 subjects were enrolled in 
the present study, of whom 54 were enrolled in the treatment 

Table I. Baseline characteristics of the treatment and control groups.

Characteristics T, n=54 C, n=53 P-value

Sex, male/female 32/23 37/16 0.208a

Age, years 58.52±11.40 56.14±10.49 0.264b

Height, m 1.69±0.09 1.69±0.09 0.996b

Body mass, kg 72.6±11.79 71.95±12.51 0.770b

BMI, kg/m2 25.39±3.02 25.17±3.45 0.718b

VO2, l/min 0.24±0.10 0.24±0.11 0.704b

VCO2, l/min 0.17±0.07 0.17±0.08 0.907b

RQ 0.70±0.11 0.73±0.06 0.210b

Smoker, yes/no 19/36 22/31 0.456a

Alcohol drinker, yes/no 6/49 14/39 0.038a

Diabetic complications, yes/no 24/31 25/28 0.712a

Oral hypoglycemic agents (%) 24 (44.4) 21 (39.6) 0.613a

Insulin treatment (%) 13 (24.1) 7 (13.2) 0.478a

Combination of OAD and insulin (%)  17 (31.5) 25 (47.2) 0.203a

SBP, mmHg 133.69±17.37 131.08±13.71 0.658b

DBP, mmHg 77.26±9.67 80.28±8.42 0.265b

RR, breaths/minute 17.85±1.15 17.66±1.53 0.913b

HR, beats/minute 74.78±6.98 73.75±8.60 0.376b

Glucose levels, mmol/l 9.79±3.18 8.28±3.22 0.017b

HbA1c, % 8.02±1.62 7.84±1.92 0.596b

Data are presented as the mean ± SD unless otherwise stated. aCompared using χ2 test; bcompared using a t‑test. Diabetic complications 
included diabetic retinopathy, diabetic nephropathy, diabetic neuropathy, and diabetic macrovascular complications. BMI, body mass index; 
C, control group; DBP, diastolic blood pressure; HR, heart rate; OAD, oral hypoglycemic agents; RQ, respiratory quotient; RR, respiratory rate; 
SBP, systolic blood pressure; T, treatment group; VCO2, carbon dioxide production; VO2, oxygen consumption; HbA1c, glycated hemoglobin.

Table II. RQ values before and after weekly treatment using PIVIT, compared with control subjects.

 T C
 --------------------------------------------------------------------------------------------------------- ------------------------------------
Visit no. n RQ before treatment RQ after treatment n RQa P-valueb,c P-valueb,d

  1 53 0.70±0.11 0.86±0.08 53 0.73±0.06 0.273 <0.0001
  6 50 0.79±0.11 0.89±0.08 52 0.74±0.07 0.016 <0.0001
10 47 0.81±0.11 0.89±0.09 52 0.75±0.09 0.007 <0.0001
13 47 0.81±0.09 0.90±0.08 52 0.72±0.06 <0.0001 <0.0001

aEvaluated every 4 weeks. bComparison made using ANOVA. cComparison between RQ before treatment and controls. dComparison between 
RQ after treatment and controls. C, control group; PIVIT, pulsatile intravenous insulin therapy; RQ, respiratory quotient; T, treatment group.
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group and 53 in the control group. There were no significant 
differences in the demographics of the subjects and the 
baseline data for the two groups were broadly comparable.

RQ is the ratio of CO2 produced to O2 consumed and is 
helpful in determining the metabolic substrate that is being 
predominantly catabolized to produce energy (17,19). In resting, 
post‑absorptive non‑diabetic individuals, energy requirements 
are met primarily by fat oxidation, which is reflected in an 
RQ (VCO2/VO2) of 0.7‑0.8. After glucose administration, 
CO2 production (and consequently RQ) increases (to 0.9‑1.0), 
indicating that glucose has become the primary source of 
energy (20). In theory, RQ may have a value between 0.7 
(reflecting 100% fat oxidation) and 1.0 (reflecting 100% carbo-
hydrate oxidation). However, healthy adults typically have an 
RQ of ~0.90 and patients with DM patients typically have 
an RQ of 0.7‑0.8 (21,22). An impairment in glycogen storage 
and insulin resistance results in earlier preferential use of fats 
and proteins as fuel sources. This leads to greater free fatty 
acid and ketone body production, and a reduction in the RQ. 
Furthermore, the capacity of patients with DM to oxidize and 
store exogenous carbohydrate is markedly impaired (23,24), 
possibly as a result of hyperglycemia (25). Instead, patients 
with diabetes typically utilize lipid oxidation as their main 
source of energy (21,26).

In the present study, the changes in RQ during treatment 
and over the study period were measured and used to evaluate 
the clinical efficacy of PIVIT. The treatment group underwent 
PIVIT over 12 weeks, while the subjects in the control group 
only underwent periodic RQ measurements. RQ gradually 
increased to >0.8 in the treatment group during the early part 
of the study period, and the mean RQ was >0.9 after the 7, 8, 
9, 12 and 13th visits. Therefore, PIVIT had a beneficial effect 
on RQ, especially in the early phase of treatment, although 
there was a slight deterioration at the final visit. This yielded 
an efficacy rate was significantly higher than that achieved by 
the regimen used by the control group, indicating that each 
PIVIT had a beneficial effect on the RQ.

In previous studies investigating the effects of a combination 
of weekly outpatient PIVIT and daily subcutaneous insulin treat-
ment, blood pressure was found to improve significantly (27), 
the progression of diabetic nephropathy slowed (8,10) and 
diabetic autonomic neuropathy was reversed (9). In the present 
study, a decrease in systolic blood pressure after treatment was 
observed. However, the exact mechanism of action behind 
how PIVIT reduces blood pressure remains to be determined. 
Because an increase in vascular smooth muscle tone is a hall-
mark of the hypertensive state in diabetic patients (28), and 
insulin may play a role in the regulation of vascular smooth 
muscle (29), it is possible that this therapy partially normalizes 
vascular reactivity, lowering blood pressure. HbA1c was 
improved during the study period in subjects in both groups 
in the present study. This effect of PIVIT may be explained by 
an increase in the suppression of gluconeogenesis and a conse-
quent reduction in hepatic glucose production (30). However, it 
may also be that physicians adjusted the therapeutic regimens 
more frequently, or the patients improved their self‑monitoring. 
An effect of PIVIT on blood glucose, the frequency of compli-
cations and blood pressure may require longer periods of study 
to become apparent.

The incidence of AEs was significantly higher in the PIVIT 
group than in the control group. The AEs were mild and did 
not affect the course of treatment. Gastrointestinal reactions 
included nausea, vomiting, diarrhea, acid reflux, anorexia 
and a burning sensation in the stomach. All of these occurred 
in subjects in the treatment group when they were treated 
with oral high‑dose glucose to maintain their blood glucose 

Table III. Clinical characteristics of the subjects before and after treatment.

 PIVIT group Control group
 ----------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------
Characteristics Baseline Week 12 P‑valuea Baseline Week 12 P‑valuea

SBP, mmHg 133.69±17.37 128.00±16.77 0.028 131.08±13.71 131.65±14.94 0.82
DBP, mmHg 77.26±9.67  75.55±9.54 0.302 80.28±8.42 79.12±8.66 0.28
RR, breaths/minute 17.85±1.15 17.81±1.66 0.926 17.66±1.53 17.88±1.49 0.85
HR, beats/minute 74.78±6.98 74.15±7.62 0.327 73.75±8.6 75.58±9.87 0.104
Glucose levels, mmol/l 9.79±3.18 9.37±3.69 0.324 8.28±3.22 8.18±2.83 0.32
HbA1c, % 8.02±1.62 7.76±1.23 0.024 7.84±1.92 7.36±1.3 0.035

aComparison between baseline and week 12, using a paired‑sample t‑test. DBP, diastolic blood pressure; HR, heart rate; PIVIT, pulsatile 
intravenous insulin therapy; SBP, systolic blood pressure; RR, respiratory rate; HbA1c, glycated hemoglobin.

Table IV. AEs in the two groups.

AEs T, n=54 C, n=53  P-valuea

Total AEs (%) 17/54 (31.5) 5/53 (9.43) 0.0053
  Gastrointestinal reactions 12 0 -
  Hypoglycemia 7 2 -
  Fracture 0 1 ‑
  Fever 1 0 ‑
  Fatigue 2 1 ‑
  Chest pain 0 1 -
  Orthostatic hypotension 1 0 ‑

aComparison made using the χ2 test. C, control group; T, treatment 
group; AEs, adverse events.



GU et al:  EFFECTIVENESS AND SAFETY OF PULSATILE INTRAVENOUS INSULIN THERAPY IN DIABETES3074

≥8 mmol/l during PIVIT. Oral high‑dose glucose commonly 
causes gastrointestinal reactions. Previous studies using 
the 75 g oral glucose tolerance test (glucose concentration, 
25‑28.5%) show a 51.2‑66.0% incidence of gastrointestinal 
reactions (31,32). Future studies will aim to explore ways to 
replace high‑dose glucose, such as with juice or food.

Hypoglycemia generally occurred after treatment or 
during the evening of the day of treatment in the PIVIT group. 
By contrast, hypoglycemia in the control group did not occur 
at a fixed time and could be rapidly alleviated by eating or 
consuming oral glucose. Subjects in the treatment group also 
experienced postural hypotension and cramps in their lower 
limbs, which were relieved after a break from PIVIT treatment. 
Hypoglycemia may have been more prevalent in the PIVIT 
group because the subjects received an intravenous injection 
of insulin, meaning that they needed to ingest glucose rapidly 
to avoid this AE. In the early stages of the present study, the 
lack of timely glucose supplementation at the end of each 
intervention may have led to this hypoglycemia. The incidence 
of hypoglycemia was significantly lower in the middle and late 
phases of the study.

In the present study, PIVIT significantly improved the RQ 
and blood pressure of diabetic patients. Although the blood 
glucose concentrations of patients were also slightly improved, 
this improvement was also demonstrated in the control group, 
suggesting that the improvement in RQ may be independent 
of blood glucose concentrations. Previous studies suggest that 
long‑term use of PIVIT delays the progression of diabetic 
complications (6,9), especially involving the microvascular 
circulation (8,10). For future studies, the effects of a longer 
duration of PIVIT treatment on the incidence of the chronic 
complications of diabetes should be evaluated.

The current study did have limitations. There were no 
inclusion criteria regarding diabetes duration, medication or 
blood glucose concentration. Furthermore, no previous studies 
appeared to identify the effects of diabetes or the degree of 
glycemic control. However, during the screening period, not all 
diabetic patients demonstrated a decrease in their RQ values, 
which may have been because of the duration of their diabetes 
or better blood glucose control. Patients with a longer disease 
course and poor blood glucose control should be selected 
for further studies. Furthermore, patients had to visit a clinic 
once a week, which may have led to sub‑optimal compliance. 
Additional studies are required to explore effective ways of 
improving patient compliance.

In conclusion, PIVIT is an effective and tolerated means of 
improving RQ in Chinese T1DM and T2DM patients.
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