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Background. Respiratory motion due to breathing during cardiac positron emission
tomography (PET) results in spatial blurring and erroneous tracer quantification. Respiratory
gating might represent a solution by dividing the PET coincidence dataset into smaller respi-
ratory phase subsets. The aim of our study was to compare the resulting imaging quality by the
use of a time-based respiratory gating system in two groups administered either adenosine or
dipyridamole as the pharmacological stress agent.

Methods and Results. Forty-eight patients were randomized to adenosine or dipyridamole
cardiac stress 82RB-PET. Respiratory rates and depths were measured by a respiratory gating
system in addition to registering actual respiratory rates. Patients undergoing adenosine stress
showed a decrease in measured respiratory rate from initial to later scan phase measurements
[12.4 (±5.7) vs 5.6 (±4.7) min21, P < .001] and tended to have a lower frequency of successful
respiratory gating compared to dipyridamole (47% vs 71%, P 5 .12). As a result, imaging
quality was superior in the dipyridamole group compared to adenosine.

Conclusions. If respiratory gating is considered for use in cardiac PET, a dipyridamole
stress protocol is recommended as it, compared to adenosine, causes a more uniform respiration
and results in a higher frequency of successful respiratory gating and thereby superior imaging
quality. (J Nucl Cardiol 2017;24:1941–9.)

Key Words: Respiratory gating Æ adenosine Æ dipyridamole Æ myocardial perfusion imaging:
positron emission tomography

Abbreviations

CT Computed tomography

PET Positron emission tomography
82Rb Rubidium-82

RPP Rate pressure product

INTRODUCTION

In cardiac perfusion positron emission tomography

(PET), static and dynamic images are obtained at rest

and during pharmacological stress. While motion of the
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heart due to respiration can be up to 18 mm in mainly

the caudocranial direction and due to the fact that

patients are unable to hold their breath during the entire

PET acquisition, respiratory motion will result in spatial

blurring and motion artifacts, which ultimately may

result in incorrect data quantification.1,2 A reduction in

motion-induced artifacts in PET images is therefore

desirable.3-5 Respiratory gating could represent a solu-

tion to avoid motion blurring by dividing the PET

coincidence dataset into N respiratory bins, where N

represents the desired number of respiratory phases.6

Crucial to this technique is the recording of respiratory

motion as a function of scan time.

Two different respiratory gating methods have been

suggested: a time-based gating method and an amplitude-

based gating method.7,8 In the present study, a time-based

gating method was used. In brief, the time-based respi-

ratory gating method divides the respiratory signal into N

time-equal bins (8 bins in our study), determined by either

the inspiratory or the expiratory peak. The amplitude-

based respiratory gating method divides the respiratory

signal in each respiratory cycle with reference to the

magnitude of the respiratory signal. The time-based

binning is based on assumptions of a steady, nonchanging

respiratory rate and depth throughout the PET acquisition.

This is often the case during resting conditions, but not

during stress image acquisition since pharmacologic

stress agents alter the respiration pattern. The most

commonly used pharmacological stress agents for cardiac

PET are adenosine and dipyridamole. Pharmacodynamics

and pharmacokinetics including half-lives differ between

the two agents, which is why they, according to recent

guidelines, are administered using different protocols.8-12

Adenosine is administered as a continuous intravenous

infusion during the stress scan simultaneously with the

administration of the PET tracer, whereas dipyridamole is

administered as a bolus injection prior to the PET scan.

The different stress protocols could affect breathing

differently and thus influence the likelihood of success of

the use of a respiratory gating system.

The aim of our study was to compare the resulting

imaging quality by the use of a time-based respiratory

gating system in two groups administered either adeno-

sine or dipyridamole as the pharmacological stress

agent.

METHODS

Study Population

The study group consisted of forty-eight patients referred

for cardiac rest and stress Rubidium-82 (82Rb) PET scanning at

our department on the suspicion of ischemic heart disease. The

only inclusion criteria were suspected ischemic heart disease as

the indication to perform 82Rb-PET and a successful calibra-

tion of the respiratory belt prior to the PET acquisition.

PET/CT Scan and Respiratory Gating System

The patients underwent 82Rb-PET computed tomography

(CT) using the same 64-slice PET/CT scanner (Siemens mCT,

Siemens, Knoxville, USA). Two dynamic PET perfusion scans

were obtained, initially under resting conditions and subsequently

under pharmacologically induced stress (please refer to stress

protocols below). Each PET acquisition took 7 minutes and was

performed under the administration of 1000-1200 MBq 82Rb.

A respiratory gating system (Anzai 733v – Anzai Medical

Co., Ltd., Tokyo, Japan), consisting of a strain gage strapped

around the chest of the patients, was used to continuously

monitor respiratory depths/amplitude and rate during scan.

Respiratory rate and amplitude were analyzed within the first

60 seconds of the scan, and in the 6th minute of the scan (300-

360 seconds) after PET tracer infusion start. Both actual/

observed respiratory rates and measured/registered respiratory

rates were registered; actual/observed respiratory rates were

the actual respiratory rate derived by manually analyzing the

respiratory curve and measured/registered respiratory rates

were derived from automatic computerized respiratory rate

registration. This allowed the detection of changes in respira-

tion during the two different stress protocols as well as a

comparison of the concordance between the actual and

measured respiratory rates.

A standardization of the respiratory cycles in the Anzai

program (Anzai Medical Co., Ltd., Tokyo, Japan) was neces-

sary to obtain homogenous respiratory depths for all patients

due to the individual calibration settings of the system. These

standardizations were performed in a custom-made program

(MatLab R2013b, Mathworks, USA).

The program used the maximum amplitude given by the

strain gage (10 mA) and the maximum respiratory depth (150

arbitrary units) to normalize the respiratory cycles. The

normalization was computed using the following equation:

Normalization ¼ PatientAmplitude � Average depth

MaximumAmplitude �Maximum depth

where PatientAmplitude is the individual patient amplitude

measured by the gage and Average depth is the average

depth of breath cycles measured in the program within

the analyzed time frames.
Successful respiratory gating was defined based upon

image quality under the discretion of the observer as a

respiratory gating of C60%.

82Rubidium and Stress Protocols

82Rb myocardial perfusion PET-CT was performed as a 7-

minute dynamic PET myocardial perfusion rest scan under the

administration of 1000-1200 MBq 82Rb followed by a 7-

minute dynamic stress PET scan. PET images were analyzed

using Cedars-Sinai Cardiac Suite (Cedars-Sinai Medical Cen-

ter, Los Angeles, USA) for Syngo.Via (Siemens, Knoxville,

USA).
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Two different stress protocols were used: one using

adenosine and the other using dipyridamole as the pharmaco-

logic stress agent in accordance with the existing guidelines10.

Adenosine was given as a continuous infusion of 840 lg/
kg initiated 2.5 minutes before scan start and infused over

6 minutes. Dipyridamole was given as a slowly injected bolus

of 560 lg/kg 6 minutes before scan start.

Rate Pressure Product

Blood pressure and heart rate were measured at rest and

during stress. Rate pressure products (RPPs) were calculated at

rest and stress as the product of systolic blood pressure and

heart rate at rest and stress, respectively. Hemodynamic

responses to adenosine and dipyridamole were evaluated by

comparing differences between RPP at rest and at stress

between groups.

Statistical Analysis

Categorical variables were expressed as percentages and

continuous variables were reported as means and standard

deviations (±SD) or standard error of the mean (±SEM).

Differences in baseline characteristics between adenosine and

dipyridamole groups were assessed using Chi-square test for

discrete variables and Student’s t test for continuous variables.

Differences between the initial and late respiratory rates and

amplitudes as well as RPP at rest and stress were assessed with

a paired t test. Frequencies of successful respiratory gating in

adenosine and dipyridamole groups were tested using Chi-

square test. A two-tailed P value\ 0.05 was considered

statistically significant. Statistical analyses were performed

using SAS� for Windows, version 9.2 (SAS institute, Cary,

North Carolina, USA).

RESULTS

Baseline Characteristics

Baseline characteristics are given in Table 1. The

dipyridamole group consisted of nonsmoking women

without a family history of cardiovascular disease and a

mean age of 64 years. The adenosine group consisted

primarily of men (86%) at a mean age of 57 years, of

whom 39% were current smokers and 48% had a family

history of cardiovascular disease. There were no differ-

ences in the frequencies of hypertension, diabetes, and

cholesterol level between the two groups.

Respiratory Gating Data

Examples of typical respiratory gating schemes for

patients undergoing pharmacological stress with adeno-

sine or dipyridamole are shown in Figure 1. Respiratory

rates and amplitudes were fairly constant during rest in

both groups and under dipyridamole stress. Patients,

given adenosine, on the other hand showed a decrease in

respiratory rate during the late phase of stress compared

to the initial phase. Furthermore, the baseline of the

respiratory amplitude tended to drift thus exceeding the

minimum requirement of 50 units in order to register

breaths under stress, which resulted in a loss of trigger

signals (Figure 1).

Respiratory Amplitudes. Respiratory ampli-

tudes in dipyridamole and adenosine groups are given

in Table 2. There were no differences between the initial

and late respiratory amplitudes in either the adenosine or

the dipyridamole group under rest or stress. On the other

hand, respiratory amplitudes were significantly lower in

the adenosine group under stress in both the initial and

late phases compared to the dipyridamole group [0.10 vs

0.21 (P\ .05) and 0.08 vs 0.20 (P\ .01), respectively].

Respiratory Rates. The observed and registered

respiratory rates in the dipyridamole and adenosine

groups are shown in Table 3 and Figure 2. In the

dipyridamole group, no differences between the initial

and late phases were noted in either the observed or the

registered respiratory rates under rest or stress. Simi-

larly, no differences between the initial and late phases

were found in either the observed or the registered

respiratory rates in the adenosine group under rest. On

the other hand, both the observed and measured respi-

ratory rates were significantly lower in the later phase of

adenosine stress compared to the initial phase [observed:

Table 1. Baseline characteristics

Adenosine (n 5 34) Dipyridamole (n 5 14)

Age, years (±SD) 57 (±9) 64 (±10)

Female sex [% (n)] 12 (4) 100 (14)

Hypertension [% (n)] 53 (18) 50 (7)

Diabetes [% (n)] 12 (4) 29 (4)

Current smoking [% (n)] 38 (13) 0 (0)

Family history of cardiovascular disease [% (n)] 47 (16) 0 (0)

Mean total cholesterol (mmol/L) 4.85 4.80
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11.1 vs 14.2 min-1 (P\ .01) and measured: 5.6 vs

12.4 min-1 (P\ .001)]. Additionally, no differences in

the observed respiratory rates between the dipyridamole

and adenosine groups were found at rest (data not

shown). Under stress, the observed respiratory rates

tended to be higher initially and lower in the late phase

in the adenosine group compared to the dipyridamole

group, although being nonsignificant [initial phase: 14.2

vs 12.9 min-1 (P = .29) and late phase: 11.1 vs

13.2 min-1 (P = .15)]. Furthermore, the measured res-

piratory rates were slightly but significantly lower than

the observed respiratory rates in both groups under rest

as well as stress, most notable in the late phase of

adenosine stress [5.6 vs 11.1 min-1 (P\ .0001) for the

late phase of adenosine stress].

Frequencies of successful respiratory gating tended

to be higher in the dipyridamole group compared to the

adenosine group (71% vs 47%, P = .12) (Table 4).

Furthermore, lower resting respiratory rates were asso-

ciated with successful respiratory gating.

The effect of successful versus failed respiratory

gating in image quality is illustrated in Figure 3.

Hemodynamic Response

Hemodynamic responses in dipyridamole and ade-

nosine groups are shown in Table 5. Under stress, RPP

was found to be significantly higher than that at rest in

both the adenosine and dipyridamole groups [8925 vs

10,501 mmHg/minute (P\ .01) and 8601 vs

10,246 mmHg/minute (P\ .01), respectively]. There

were no differences in RPP at rest or stress nor were

there any differences in RPP at rest or stress between the

groups (data not shown).

DISCUSSION

The major finding of our study was that adenosine

and dipyridamole influenced the breathing pattern dif-

ferently which could potentially influence the choice of

stress agent if respiratory gating is intended to be used as

part of a cardiac PET protocol. While dipyridamole did

not change the respiratory rate during the cardiac stress

PET acquisition, adenosine induced a nonsignificant

increase in respiratory rate in the initial phase of the

study and a significant decrease in the later phase.

Registered respiratory rates were slightly lower than the

actual respiratory rates in both groups during both rest

and stress.

Figure 1. Respiratory response of two different patients undergoing dipyridamole to the left (rest
study: A ? C; stress study: B ? D) and adenosine stress to the right (rest study: E ? G; stress
study: F ? H). Trigger signals for registered breath cycles are shown with red vertical lines at the
time of the respiratory peak (blue curves). Clinical characteristics of the two patients: Dipyridamole
(A-D)—a 68-year-old female without known hypertension, diabetes, or family history of ischemic
heart disease; smoking status unknown. Adenosine (E-H)—a 59-year-old male known with
hypertension and a family history of ischemic heart disease, no diabetes, and previous smoker.

Table 2. Mean respiratory amplitude in adeno-
sine and dipyridamole groups

Initial Late P value

Adenosine (n = 34)

Rest 0.14 (±0.12) 0.13 (±0.09) NS

Stress 0.10 (±0.08) 0.08 (±0.08) NS

Dipyridamole (n = 14)

Rest 0.16 (±0.13) 0.17 (±0.11) NS

Stress 0.21 (±0.14) 0.20 (±0.13) NS

Values are mean (±SD)
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There were no differences in the respiratory ampli-

tude between the initial and late phases at rest in either

the dipyridamole or the adenosine group. This led to the

conclusion that the respiratory belt was able to obtain

the correct gating sequences and that calibration of the

respiratory belt was equal in both groups. Under stress,

respiratory amplitudes were constant in both groups, but

there seemed to be a drift of respiratory baseline in the

adenosine group leading to a loss of trigger signals.

The drift in respiratory baseline in conjunction with

the change in respiratory rate from the initial to the late

phase under adenosine stress resulted in a loss of

respiratory trigger signals and thus a difference between

the registered and actual respiratory rates. Dipyridamole,

on the other hand, not influencing the breathing pattern,

showed a better correlation between the registered and

actual respiratory rates.

There were no difference in RPP increase from rest

to stress between the dipyridamole and adenosine group,

indicating an equal hemodynamic response in the two

groups.

The changes in respiratory cycles are anticipated to

be a result of the pharmacokinetics and pharmacody-

namics of the two stress agents, with adenosine having a

half-life of about 10 seconds and dipyridamole having

62 minutes. Furthermore, the initial increase of respira-

tory rate due to adenosine is well known, while the drop

in respiratory rate afterwards might be a compensatory

Table 3. Mean observed and measured respiratory rates in adenosine and dipyridamole groups

Observed respiratory rate (min21) Measured respiratory rate (min21)

Initial Late P value Initial Late P value

Adenosine (n = 34)

Rest [min-1 (±SD)] 13.7 (±3.9) 13.7 (±3.9) NS 11.1 (±4.5) 10.3 (±5.4) NS

Stress [min-1 (±SD)] 14.2 (±4.8) 11.1 (±4.8) \.01 12.4 (±5.7) 5.6 (±4.7) \.001

Dipyridamole (n = 14)

Rest [min-1 (±SD)] 13.5 (±4.1) 13.0 (±3.7) NS 11.6 (±4.0) 10.2 (±3.8) NS

Stress [min-1 (±SD)] 12.9 (±3.7) 13.2 (±3.3) NS 10.4 (±4.8) 10.5 (±4.5) NS

NS Nonsignificant

Figure 2. Observed and measured respiratory rates. (A) Observed respiratory rate in rest studies.
(B) AZ733V-measured respiratory rate in rest studies. (C) AZ733V-measured respiratory rate in
stress studies. (D) Observed respiratory rates in stress studies.**P\ .01, ****P\ .001.
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mechanism.11,12 Additionally, the administration of

adenosine and dipyridamole is initiated at different time

points with regard to the stress examination, potentially

contributing to the observed breath changes.

In the present study, we used the Anzai AZ-733V

belt, but other commercially and noncommercially

available systems have been suggested. Many of these

methods rely on optical triggering signals, by use of

either infrared tracking or normal video-cameras.3,13-15

Others systems are based on using respiratory elastic

straps for clinical SPECT/CT analysis, which operates in

the same way as the respiratory belt used in this study.16

The systems using the optical monitoring of the respi-

ratory motions all requires both a correct positioning of

the fiducial markers and that the patient is positioned

correct in order to obtain the triggering signals. The

fiducial markers are often created as a disk, which are

used to track the respiratory cycle. These systems often

require a standard breath pattern in order to obtain the

triggering signals, which can only be achieved by

training the patients. Training sessions like these are not

feasible in cardiac PET centers with a high throughput

of patients. Other methods for respiratory gating include

a pressure-based air bag system working like a spirom-

eter,17 electrical impedance plethysmography,18 a

thermal sensor in a mask or a nasal cannula,6 a

respiratory flowmeter in a mouthpiece,19 a displacement

transducer in a belt around the upper abdomen,20,21 the

Polaris system15, and an electrocardiogram-derived res-

piratory motion tracking system.5

A time-based gating was chosen for this study due

to our current scanner setup and the post-processing of

the images. Time-based gating provides a static image

quality for each gate, due to the definition of the binning

procedure.7 The amplitude-based binning setup has

different noise characteristics as the majority of

respiratory cycles would have been assigned to a single

bin due to the change of perceived respiratory depth

obtained by the respiratory belt when using adenosine.

Due to these characteristics, we do not recommend to

use amplitude-based binning unless a full motion com-

pensation is performed. This is, however, not possible in

our current scanner setup where only gated images can

be provided.

The newer data-driven methods include list-mode-

based motion detection approaches, which use inho-

mogenous sensitivity profile of the scanner systems to

detect the respiratory cycle directly from the count

rate.3,22,23 This method has proven efficient and could

potentially eliminate the use of external markers and the

accompanied potential loss of trigger signals due to

erroneously calibrated systems.3,22,23 Furthermore, data-

driven methods have the potential to use amplitude-

based gating which is superior to time-based gating.7

Quantitative gated PET imaging also requires gated

attenuation CT images for an accurate estimation of

radiotracer uptake but at the sacrifice of a more complex

CT acquisition protocol and increased radiation expo-

sure. Still, nongated CT images can be used for

attenuation correction of the PET emission data and

are far superior to PET transmission scans and reduce

scan times as well as provide noiseless attenuation

correction.

Existing respiratory gating systems require a uni-

form breath pattern throughout the examination in order

to obtain correct gating. In this study, dipyridamole

showed the most constant respiratory rate throughout the

stress examination and the best correspondence between

the observed and registered respiratory rates compared

to adenosine. Therefore, a dipyridamole stress protocol

is recommended if respiratory gating is intended to be

used in cardiac PET.

Table 4. Frequencies and respiratory characteristics of successful vs failed respiratory gating studies

Successful respiratory
gating

Failed respiratory
gating

P
value

Adenosine (n = 34) 47% (16) 53% (18) .12

Dipyridamole (n = 14) 71% (10) 29% (14)

Observed rest [min-1 (±SD)],

initial

12.5 (±4.0) 15.0 (±3.4) \.05

Observed rest [min-1 (±SD)], late 12.5 (±3.7) 14.8 (±3.6) \.05

Measured rest [min-1 (±SD)],

initial

10.0 (±4.2) 12.7 (±4.1) \.05

Measured rest [min-1 (±SD)], late 9.7 (±5.0) 10.9 (±5.3) .44

Observed Rest, initial Actual respiratory frequencies in the first 60 seconds of the rest scan; Observed Rest, late actual respiratory
frequencies in the 6th minute of the rest scan; Measured Rest, initial registered respiratory frequencies in the first 60 seconds of
the rest scan; Measured Rest, late Registered respiratory frequencies in the 6th minute of the rest scan
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Table 5. Mean RPP under rest and stress in adenosine and dipyridamole groups

RPP products [mmHg/min (± SEM)]

P valueAdenosine Dipyridamole

Rest 8925 (±382) 8601 (±511) NS

Stress 10,501 (±478) 10,246 (±413) NS

NS, nonsignificant; SEM, standard error of the mean; RPP, rate pressure product

Figure 3. Effect of successful (B) vs failed respiratory gating (D) on image quality in two different
patients. (A) ? (C) shows the respective nongated images.
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NEW KNOWLEDGE GAINED

This is to our knowledge the first time the admin-

istration of adenosine and dipyridamole in myocardial

perfusion PET has been compared with regard to the

benefits of the use of a respiratory gating system. A

dipyridamole stress protocol is superior to an adenosine

one if respiratory gating is considered in myocardial

perfusion PET.

LIMITATIONS

A potential limitation is the heterogeneity of the two

groups. Most striking perhaps are the differences in

gender; the adenosine group constituted mainly of men

and the dipyridamole group is exclusively represented by

women. However, we have no reason to believe that these

differences in groups should have an impact on the

conclusion of ourmanuscript. In respiratory gating,we are

measuring the respiratory rate and no differences have

ever been reported in respiratory rates regarding gender.24

Respiratory depth/tidal volume is correlated to body

surface area and while women are smaller than men, their

tidal volume due to lower body surface area is lower

compared to men. Thus, if a difference in respiratory

gating would exist, expectedly the drift of the respiratory

baseline amplitude would more often exceed the mini-

mum for respiratory registration, and erroneous

respiratory gating, in women; actually opposite to the

findings of this manuscript. Another concern could be that

the respiratory responses to adenosine and dipyridamole

could be different in men compared to women. While the

response in myocardial blood flow during adenosine and

dipyridamole stress is exclusively dependent on body

weight, and not gender, stress protocols never take gender

into account. Accordingly, we have no reason to believe

that the respiratory responses to adenosine and dipyri-

damole should be different in men compared to women.

Another limitation is the smaller size of the dipyri-

damole group.

CONCLUSION

If respiratory gating is considered for use in cardiac

PET, a dipyridamole stress protocol is recommended as

it, compared to adenosine, causes a more uniform

respiration and results in a higher frequency of success-

ful respiratory gating and thereby superior imaging

quality.
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