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Purpose: To examine whether controlled and tolerable levels of hy-
percapnia may be an alternative to adenosine, a routinely 
used coronary vasodilator, in healthy human subjects and 
animals.

Materials and 
Methods:

Human studies were approved by the institutional review 
board and were HIPAA compliant. Eighteen subjects had 
end-tidal partial pressure of carbon dioxide (PetCO2) 
increased by 10 mm Hg, and myocardial perfusion was 
monitored with myocardial blood oxygen level–dependent 
(BOLD) magnetic resonance (MR) imaging. Animal stud-
ies were approved by the institutional animal care and use 
committee. Anesthetized canines with (n = 7) and without 
(n = 7) induced stenosis of the left anterior descending 
artery (LAD) underwent vasodilator challenges with hy-
percapnia and adenosine. LAD coronary blood flow ve-
locity and free-breathing myocardial BOLD MR responses 
were measured at each intervention. Appropriate statis-
tical tests were performed to evaluate measured quanti-
tative changes in all parameters of interest in response to 
changes in partial pressure of carbon dioxide.

Results: Changes in myocardial BOLD MR signal were equivalent 
to reported changes with adenosine (11.2% 6 10.6 [hy-
percapnia, 10 mm Hg] vs 12% 6 12.3 [adenosine]; P = 
.75). In intact canines, there was a sigmoidal relationship 
between BOLD MR response and PetCO2 with most of 
the response occurring over a 10 mm Hg span. BOLD MR 
(17% 6 14 [hypercapnia] vs 14% 6 24 [adenosine]; P = 
.80) and coronary blood flow velocity (21% 6 16 [hyper-
capnia] vs 26% 6 27 [adenosine]; P . .99) responses 
were similar to that of adenosine infusion. BOLD MR sig-
nal changes in canines with LAD stenosis during hyper-
capnia and adenosine infusion were not different (1% 6 4 
[hypercapnia] vs 6% 6 4 [adenosine]; P = .12).

Conclusion: Free-breathing T2-prepared myocardial BOLD MR imag-
ing showed that hypercapnia of 10 mm Hg may provide a 
cardiac hyperemic stimulus similar to adenosine.
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of hypercapnia was difficulty of precise  
targeting, modulation, and monitoring 
of Paco2, particularly in spontaneously 
breathing humans.

Recent advances in computerized 
control of gas delivery (10,11) have en-
abled precise and independent control 
of end-tidal partial pressure of carbon 
dioxide (PetCO2) and end-tidal par-
tial pressure of oxygen. Importantly, 
the PetCO2 attained with one of these 
methods, prospective end-tidal target-
ing, is equal to PaCO2 (11), which is the 
independent variable with respect to 
vasoreactivity (12). A second advance 
that was used for this study is the re-
finement of noninvasive magnetic res-
onance (MR) imaging–based approach 
for examination of cardiac perfusion 
(13–15). Myocardial blood oxygen 
level–dependent (BOLD) MR imaging 
(14,16) is a noninvasive (ie, free of ra-
diation and contrast agents) and high-
resolution imaging method that could 
provide details of myocardial blood flow 
based on the changes in oxidative state 
of hemoglobin (17), which reflects the 
balance between myocardial oxygen de-
mand and supply.

are administered coronary vasodilators, 
such as adenosine, which carries a rare 
but serious risk of heart attack and death 
(2). A limitation of this approach is that 
all drugs have complex pharmacologic 
and pharmacokinetic properties, which 
makes it difficult to achieve a consistent 
blood level across patients, and there is 
a large individual variation in response, 
even to a given blood level.

It has been suggested (3) that in-
creases in the arterial partial pressure 
of carbon dioxide (PaCO2), a vasodilator 
of cerebral vessels known as hypercap-
nia, may increase coronary blood flow 
in similar measure (4–7). Hypercapnia 
as a myocardial vasodilator has some 
theoretical advantages over pharmaco-
logic agents. It is a natural intrinsic mol-
ecule and can be administered noninva-
sively through the respiratory system. 
It would only need to be applied for 1 
or 2 minutes for the target application 
of cardiac stress testing, and its effect 
would terminate in seconds. An in-
crease of 10 mm Hg from resting values 
(~40 mm Hg) is well tolerated in a pop-
ulation similar to that which requires 
cardiac stress testing (8). It has a favor-
able safety profile with sustained levels 
over three times that of resting with no 
adverse effect on organ function (9). 
The main technical drawback of the use 

Cardiac stress testing is the stan-
dard of care for diagnosing is-
chemic heart disease (1). It is 

performed in nearly 10 million patients 
each year in the United States alone. 
It is conventionally initiated with ex-
ercise to induce hyperemia, and it is 
coupled with imaging to identify stress-
induced failure to increase perfusion, 
or frank hypoperfusion in myocardial 
territories. The approximately 50% of 
patients who find it difficult to perform 
sufficient exercise for an adequate test 

Implications for Patient Care

nn Tolerable levels of controlled iso-
oxic hypercapnia may potentially 
be an alternative to pharmaco-
logic stress agents, such as 
adenosine, in the examination of 
myocardial perfusion associated 
with ischemic heart disease.

nn The proposed imaging approach, 
combined with controlled and 
tolerable hypercapnia, may pave 
the way for a future noninvasive 
cardiac stress examination that is 
repeatable, rapidly reversible, 
and free of exogenous contrast 
material; such an approach may 
be valuable in the care of 
patients who are contraindicated 
for contrast material and/or 
adenosine but require multiple 
cardiac stress tests.

Advances in Knowledge

nn In canines and healthy humans, 
myocardial blood oxygen level–
dependent (BOLD) signal inten-
sity changes associated with tol-
erable levels of hypercapnia (~10 
mm Hg increase in arterial par-
tial pressure of carbon dioxide 
[PaCO2]) and clinical dose of 
adenosine were not different 
(17% 6 14 vs 14% 6 24 for hy-
percapnia and adenosine, respec-
tively; P = .80).

nn Coronary artery blood flow ve-
locity changes because of intra-
venous administration of stan-
dard (ie, clinical) adenosine 
dose and hypercapnia (~10 mm 
Hg increase in PaCO2) were not 
different in canines (hyper-
capnia and adenosine, 21% 6 
16 vs 26% 6 27, respectively; P 
. .99).

nn Myocardial BOLD responses 
observed after repeat stimulation 
between baseline and equivalent 
hypercapnic changes led to re-
producible BOLD responses in 
canines (first and second cycle, 
7% 6 3 vs 10% 6 4, respec-
tively; P = .74).

nn Myocardial BOLD signal intensity 
changes in territories affected by 
coronary artery stenosis were 
not different between adenosine 
and hypercapnia (~10 mm Hg 
increase in PaCO2) in canines 
(hypercapnia and adenosine, 1% 
6 4 vs 6% 6 4, respectively;  
P = .12).

Published online before print
10.1148/radiol.14132549  Content code: 
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artery blood flow velocities were mea-
sured at 40 mm Hg and 50 mm Hg. The 
protocol used to examine the effect of 
coronary stenosis on blood flow is sum-
marized in Figure E2 (online).

All canine studies were performed 
on the same MR imaging system (as 
human studies), and myocardial BOLD 
MR acquisitions were prescribed under 
spontaneous breathing at each targeted 
PaCO2 level. The order of adenosine 
and PaCO2 protocols was randomized, 
and imaging was performed over iden-
tical midventricular sections. In the oc-
cluder group, BOLD acquisitions were 
repeated at PetCO2 of approximately 
60 mm Hg, 5 minutes after return to 
baseline PetCO2 of approximately 40 
mm Hg, and 3 minutes after starting 
adenosine infusion (as before).

Image Analysis
Two expert reviewers (H.Y. and R.D., 
each with more than 4 years of ex-
perience in evaluation of cardiac MR 
images) evaluated the images in con-
sensus. Reviewers were blinded to any 
additional patient and canine data.

For each experimental condition, 
the percentage of hyperemic BOLD re-
sponse was computed as the myocardial 
BOLD signal intensity acquired under 
the condition that was normalized by 
the corresponding mean BOLD inten-
sity value acquired at baseline and mul-
tiplied by 100%. From these values, the 
mean percentage of hyperemic BOLD 
response was computed for each study 
group. For the occluder group, the 
myocardium was divided into six seg-
ments and the percentage of hyperemic 
BOLD response was computed for each 
segment at PetCO2 of approximately 
60 mm Hg and for adenosine infusion. 
Segmental BOLD responses were com-
pared with contrast agent–enhanced 
cardiac MR acquisitions (Appendix E1 
[online]).

Statistical Analysis
In humans, multiple repeated-measures 
analysis of variance were performed to 
test whether the rate-pressure prod-
uct, and blood pressure (systolic, dia-
stolic, and mean arterial) were differ-
ent from baseline at the two different 

that was reviewed and approved by the 
institutional review board. All imag-
ing studies were performed on a 3-T 
clinical MR imaging system, and the 
electrocardiogram, pulse oximetry and 
noninvasive blood pressure of all sub-
jects were continuously monitored. T2-
prepared, free-breathing, BOLD MR 
acquisitions were prescribed along the 
short axis at the midventricular level 
at baseline PetCO2 (baseline), baseline 
plus 5 mm Hg (ie, +5), and baseline 
plus 10 mm Hg (ie, +10) 1 minute after 
PetCO2 stabilized.

Canine Studies
Mongrel canines (n = 14) were studied 
according to the protocols approved 
by our institution’s committee for ani-
mal care and use. Thoracotomies were 
performed and Doppler probes were 
implanted distal to the first branch of 
the LAD to enable measurement of 
coronary blood flow velocity. In a set 
of animals (n = 7), an externally actu-
ated occluder was affixed proximal to 
the Doppler probe for the induction of 
LAD stenosis.

Before undergoing imaging, animals 
were fasted, sedated, anesthetized, in-
tubated, and transferred to the imager 
table, and they were mechanically venti-
lated initially via a pneumatic anesthesia 
ventilator. A secondary sequential gas 
delivery circuit was interposed between 
the canine and the ventilator to admin-
ister only the gas supplied by RespirAct 
(Fig E1 [online]) during the imaging 
studies. Anesthesia was maintained 
with propofol and electrocardiography, 
oxygen saturation, heart rate, invasive 
systolic and diastolic blood pressures, 
and mean arterial blood pressure, and 
temperature were monitored.

Because the relationship between 
PaCO2 and changes in coronary flow 
are unknown, we studied the flow re-
sponse to a graded range of PetCO2, 
30–60 mm Hg (in 10 mm Hg intervals), 
in seven canines. This PetCO2 range is 
10 mm Hg below and 10 mm Hg above 
our test protocol of target change from 
40 mm Hg to 50 mm Hg and would in-
dicate the available dynamic range of 
coronary blood flow in response to hy-
percapnia (Fig E2 [online]). Coronary 

The first hypothesis of this study was 
that an increase in PaCO2 of up to 10 mm 
Hg in healthy humans would result in 
changes in myocardial blood flow of the 
same order of magnitude as adenosine. 
To address this hypothesis, we com-
pared the effects of hypercapnia on myo-
cardial blood flow in healthy volunteers 
to published values with adenosine. The 
second hypothesis of this study was that 
hypercapnia would result in coronary 
vasodilation and increase myocardial 
blood flow to the same order of magni-
tude as adenosine and would generate 
similar myocardial perfusion patterns on 
myocardial BOLD MR images in intact  
canines and those with left anterior de-
scending coronary artery (LAD) steno-
sis. In addressing both hypotheses, we 
used myocardial BOLD MR imaging as a 
surrogate measure of myocardial blood 
flow. The purpose of this study was to 
examine whether controlled and tolera-
ble levels of hypercapnia may be an al-
ternative to adenosine, a routinely used 
coronary vasodilator, in healthy human 
subjects and animals.

Materials and Methods

For brevity, only a concise version of 
our methods is outlined here; a detailed 
description can be found in Appendix 
E1 (online). This study was supported 
in part by Thornhill Research, who 
provided the RespirAct unit for the 
study, and Siemens Medical Solutions, 
who provided the imaging sequence. 
The authors who are not employees of 
Thornhill Research or Siemens Medical 
Solutions had control of inclusion of any 
data and information that may present 
a conflict of interest for those authors 
who are employees of these companies. 
J.A.F., O.S., and M.K. are employees of 
Thornhill Research, and X.B. is an em-
ployee of Siemens Medical Solutions. 
R.D., S.A.T., and D.L. are co-inventors 
on a pending patent on the use of car-
bon dioxide for examination of coro-
nary artery disease (WO2012151583, 
US 61/482,956).

Human Studies
Healthy volunteers (n = 18) were re-
cruited in accordance with the protocol 
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baseline and hypercapnia (+10 mm Hg) 
showed a marked increase in BOLD sig-
nal intensity in response to hypercapnia 
(Fig 1a). The response at plus 5 mm Hg 
was not greater than that at baseline 
(102% 6 3 vs 100%, respectively; P = 
.64). The response at plus 10 mm Hg 
was greater than the response at base-
line (111% 6 10 vs 100%, respectively; 
P , .01) and at plus 5 mm Hg (111% 6 
10 vs 102% 6 3, respectively; P , .01) 
(Fig 1b). The mean response at plus 10 
mm Hg in our volunteers was not dif-
ferent from that reported for adenosine 
(111% 6 10 vs 112% 6 11, respectively; 
P = .75) (14).

Canine Studies
Figure 2 shows examples of raw data 
for PetCO2 for the ramp group (Fig 2c) 
and repeat measurement (Fig 2d) and 
their ensemble BOLD responses (Fig 
2a, 2b). Figure 2a shows the flattening 
out of the slope of BOLD response to 
changes in PetCO2 above and below the 
40–50 mm Hg range. Figure 2b shows 
a change in BOLD signal in response to 
hypercapnia that was greater than 6%. 
Mean percentage of hyperemic BOLD 
responses between the two hyperemic 
and baseline states did not differ (first 
cycle vs second cycle, 7% 6 3 vs 10% 
6 4, respectively; P = .74). Mean per-
centage of hyperemic BOLD responses 
and percentage of hyperemic coronary 
blood flow velocity response during 
peak hypercapnia (mean PetCO2, 56 
mm Hg 6 5; Table 1) and adenosine 
infusion were not statistically different 
(mean BOLD hypercapnia vs adenosine, 
117% 6 14 vs 114% 6 23, respectively; 
P = .80; coronary blood flow velocity 
hypercapnia vs adenosine, 120% 6 15 
vs 126% 6 22, respectively; P . .99; 
Fig E3 [online]). Physiologic responses 
to changes in PaCO2 are summarized in 
Table 2.

The hypercapnia-induced hyper-
emic response in healthy canines was 
visualized as an increase in BOLD sig-
nal intensity relative to baseline (Fig 
E4 [online]). Myocardial BOLD images 
from the occluder group showed dimin-
ished BOLD responses in the affected 
(ie, LAD) territory, but increased re-
sponses in the remote (ie, unaffected) 

percentage of hyperemic BOLD re-
sponse and percentage of hyperemic 
coronary blood flow velocity response 
obtained at the highest PetCO2 from 
the ramp group were different from 
the percentage of hyperemic responses 
obtained with adenosine. A two-way 
repeated-measures analysis of variance 
was used to test the effects of region 
(remote and affected) and type of va-
sodilator (hypercapnia and adenosine) 
and their interaction on percentage 
of hyperemic BOLD response. Cohen 
k statistic was used to determine the 
level of concordance between the perfu-
sion defects observed with hypercapnia 
and adenosine. For this purpose, the 
segments positive for perfusion defect 
were identified as those that conformed 
to mean segmental intensities that were 
at least 1 standard deviation below the 
mean intensity of the myocardium; all 
others were considered to be normal 
(no perfusion defect).

Results

Healthy Volunteer Studies
Physiologic parameters recorded from 
the volunteers at baseline and the two 
elevated PetCO2 (+5 and +10 mm Hg) 
are summarized in Table 1. Systolic, 
diastolic, and mean arterial blood pres-
sure and rate-pressure product did not 
differ between conditions (baseline, +5, 
and +10 mm Hg). Myocardial BOLD 
MR images of a healthy volunteer at 

hypercapnic states. Repeated-measures 
analysis of variance was performed 
on the mean percentage of hyperemic 
BOLD response measured to determine 
whether the responses observed at plus 
5 mm Hg and plus 10 mm Hg were dif-
ferent from the values reported by Ar-
nold et al (14) for adenosine. All values 
are reported as mean 6 standard devi-
ation, and P value of less than .05 in-
dicated significant difference. Statistical 
analysis was performed by using statis-
tical software (SPSS, version 21.0; IBM 
SPSS Statistics, Armonk, NY).

In canines, repeated analysis of var-
iance tests were performed to examine 
whether the rate-pressure product, 
heart rate, and blood pressure (systolic, 
diastolic, and mean arterial) were dif-
ferent between baseline, hypercapnia, 
and adenosine. Posthoc comparison 
with Bonferroni correction was used if 
the null hypothesis was rejected. Cor-
relation analysis was performed be-
tween measured values of PaCO2 and 
PetCO2 at different physiologic states 
for canines from the ramp group. Per-
centage of hyperemic BOLD response 
from the ramp group was fitted to 
PetCO2 by using a sigmoidal model (3). 
The reproducibility of percentage of 
hyperemic BOLD response for a given 
PetCO2 was evaluated from measure-
ments obtained in canines from re-
peat myocardial BOLD measurements 
in the ramp group and was examined 
with a paired t test. A paired t test was 
also performed to evaluate whether 

Table 1

Physiologic Parameters Measured in Healthy Volunteers during Cardiac MR Studies

Physiologic Parameter Baseline +5 Level +10 Level

PetCO2 (mm Hg) 38 6 3 43 6 3* (,.01) 47 6 3* (,.01)
PetO2 (mm Hg) 110 6 6 111 6 3 (..99) 116 6 4 (..99)
Heart rate (beats/min) 65 6 10 69 6 12 (..99) 72 6 11* (,.05)
Systolic blood pressure (mm Hg) 109 6 10 109 6 8 (..99) 111 6 9 (..99)
Diastolic blood pressure (mm Hg) 60 6 9 61 6 9 (..99) 63 6 8 (..99)
Mean arterial pressure (mm Hg) 85 6 8 85 6 8 (..99) 87 6 8 (..99)
Rate-pressure product (mm Hg beats/min) 7000 6 1572 7428 6 1686 (..99) 7675 6 1737 (..99)

Note.—Data are means and data in parentheses are P values. P values are relative to baseline, and +5 and +10 denote 5 and 

10 mm Hg of PetCO2, respectively, above baseline. PetO2 = partial pressure of oxygen in end-tidal (end-exhaled) gas.

* Statistically significant.
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remote segments in the presence of 
LAD stenosis showed no difference in 
the responses to the two vasodilatory 
stimuli in canines with patent coronary 
arteries (hypercapnia vs adenosine, 1% 
6 4 vs 6% 6 4, respectively; P = .12); 
there was, however, a significant differ-
ence in percentage of hyperemic BOLD 
response between remote and affected 
segments in canines with LAD stenosis 
(remote vs affected, 105% 6 10 vs 97% 
6 5, respectively; P = .01). The concor-
dance between the segments identified 
as ischemic with adenosine and hyper-
capnic stimuli was high (k = 0.75; 95% 
confidence interval: 0.48, 1.00), which 
indicated that the region and extent of 
ischemic and nonischemic territories 
identified with both forms of stimuli are 
not different.

Discussion

The key finding of this study is that 
free-breathing T2-prepared myocardial 
BOLD MR responses under hypercap-
nia of 10 mm Hg and adenosine are not 
different. In particular, we found that in 
humans, a modest precisely controlled 
increase in baseline PetCO2 of 10 mm 
Hg was both tolerable and sufficient to 
elicit a measurable increase in myocar-
dial BOLD signal intensity. In this pilot 
study, the extent of increase in myocar-
dial BOLD response was not different 
from that of adenosine. The controlled 
studies in canines with and without 
coronary artery stenosis yielded addi-
tional important insights. First, canine 
studies showed a sigmoidal relationship 
between PaCO2 and BOLD response. 
These data also indicated that the mean 
increase in PaCO2 above baseline by 11 
mm Hg encompassed a substantial por-
tion of this dynamic range and resulted 
in an increase in myocardial blood flow 
similar to that elicited in response to 
a standard clinical dose of adenosine. 
Notably, the reproducible BOLD re-
sponses that were observed after re-
peat stimulation between baseline and 
equivalent hypercapnic states indicated 
that the response did not diminish or 
potentiate with repetition. This implied 
that hypercapnic stimulation may be 
reversible and repeatable and would 

occluder group measured under hyper-
capnia (mean PetCO2, 55 mm Hg 6 3) 
and adenosine from the affected and 

territory in the presence of LAD ste-
nosis (Fig 3). Percentage of hyperemic 
BOLD response from animals from the 

Figure 1

Figure 1:  Effect of changing arterial carbon dioxide on myocardial BOLD MR signal intensities in healthy 
humans. (a) Representative short-axis myocardial BOLD MR images collected from a volunteer at baseline 
(PetCO

2
 = 37 mm Hg) and hypercapnia (PetCO

2
 = 47 mm Hg). BOLD signal intensity increased during 

hypercapnia. For ease of visualization, color overlays of the left ventricle (with color bar showing BOLD signal 
intensity in arbitrary units [a.u.]) that correspond to the gray-scale images are shown directly below. (b) Box 
and whisker plot shows the dependence of percentage of hyperemic BOLD response on PetCO

2,
 and stan-

dard dose of adenosine. Percentage of hyperemic response increased at higher PetCO
2
 values; response at 

+10 mm Hg (Plus10) did not differ from that of standard adenosine infusion. Percentage of hyperemic BOLD 
response for adenosine is from reported values in the literature (14). ∗ = significant difference relative to 
resting (Rest) (P , .05). Top and bottom of boxes indicate upper limit, +1 standard deviation, and lower limit, 
21 standard deviation, respectively; error bars (whiskers) are maximum and minimum of data. The mean 
and median are represented as a point and a band within the box, respectively. For adenosine, the whiskers 
represent the boundaries of first and 99th percentile of the data.
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therefore allow repeat testing at a sin-
gle session. In addition, in canines with 
coronary artery stenosis, hypercapnia 
and adenosine resulted in similar BOLD 
responses. While we found the heart 
rate to increase during hypercapnia, 
we also found a concomitant decrease 
in blood pressure, and neither caused 
significant changes in the rate-pressure 
product, a metric that is commonly 
used to assess cardiac work (Tables 
1, 2). Therefore, within the scope of 
this work (ie, in limited subjects, both 
animals and humans), it appears that 
increased heart rate associated with hy-
percapnia may not lead to an increase 
in oxygen demand. Nonetheless, addi-
tional studies are necessary to explore 

the mechanism of action of carbon diox-
ide mediation to coronary vasodilation 
and observed physiologic changes, such 
as heart rate, in response to hypercap-
nia. Collectively, these findings warrant 
more direct investigation as to whether 
hypercapnia could result in data equiva-
lent to those of pharmacologic vasodila-
tors for cardiac stress testing.

A major limitation of previous stud-
ies has been the inadequate control of 
the PaCO2, the actual physiologic stim-
ulus to the coronary arteries. Tzou et al 
(18) found that even in the presence of 
mild hyperoxia (inspired oxygen concen-
tration of 40%), an increase in PetCO2 
by 10 mm Hg increased the proximal 
LAD flow velocity by 37%. However, 

Momen et al (19) did not detect any 
increase in coronary blood flow velocity 
in response to 5% carbon dioxide in ox-
ygen. Their inspired gas was hyperoxic, 
which may have resulted in coronary 
vasoconstriction, and it is well known 
(11,20–22) that a constant inspired 
carbon dioxide concentration does not 
have a consistent effect on the PaCO2, 
and the authors did not measure PaCO2 
or report PetCO2. Yokoyama et al (23) 
administered 7% carbon dioxide via a 
nonrebreathing mask and managed to 
increase the PaCO2 from 40.2 mm Hg 
6 2.4 to only 43.1 mm Hg 6 2.7, which 
is a statistically significant increase, but 
a physiologically trivial one. It is not 
surprising that they did not find carbon 

Figure 2

Figure 2:  Relationship between percentage of hyperemic BOLD response and PetCO
2
 in canines. (a) Graph shows percentage of hyperemic 

BOLD response is directly related to PaCO
2
 (30–60 mm Hg) and shows a sigmoidal relation (data fitted to individual measurements) over the 

range of PetCO
2
 values studied. (b) Graph shows when the PetCO

2
 was modulated between 40 and 50 mm Hg, percentage of hyperemic BOLD 

response also showed equivalent changes. (c, d) Images show dynamic and precisely targeted changes in PetCO
2
 administered to the animals 

during imaging.
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Petco2 for cerebral blood flow studies 
by using BOLD MR imaging, over 90% 
of subjects tolerated the stimulus (8). 
Although we expect this number to be 
lower than 10% in the cardiac setting, 
there will likely be patients who will not 
tolerate this procedure. While there 
are ways to identify such patient pop-
ulation through a short screening test 
(ie, examination of tolerance to short 
hypercapnic stimulus as we have done 
in this study) before they undergo imag-
ing, we do not expect that hypercapnic 
stimulus will become an exclusive pro-
vocative agent for cardiac stress test-
ing in all subjects. Those who cannot 
tolerate or are contraindicated for hy-
percapnic stimulus may need to resort 
to pharmacological stress tests, should 
that be a suitable option for them. In 
every case, the sensation of dyspnea re-
solved within two to four breaths with 
restoration of normocapnia.

Because BOLD contrast is based on 
the oxygen saturation of hemoglobin, 
it reflects the balance between oxygen 
supply and demand, a feature that is 
valuable for the assessment of ischemic 
heart disease. This feature of myocar-
dial BOLD MR imaging differs from 
standard perfusion imaging methods 
that provide information only on blood 
supply but not demand (31). In the 
healthy myocardium, adenosine infu-
sion has been reported to elicit BOLD 
responses that are between 10% and 

substantial hypercapnia and rapidly de-
veloping hypoxia (27), which are both 
potent coronary artery vasodilators. Al-
though outside of the breath hold, Be-
audin et al accurately target PetCO2 and 
partial pressure of oxygen in end-tidal 
(end-exhaled) gas, unlike prospective 
targeting methods, these values do not 
reliably reflect the arterial values (28). 
Finally, the flow data were derived as a 
product of the cross-sectional area of 
the coronary sinus (measured from MR 
images) and the through-plane velocity 
of the blood. Given the size of the coro-
nary sinus and the spatial and temporal 
resolution of the imaging, there may be 
differences between the actual size of 
the coronary sinus and that designated. 
Nevertheless, both their study and ours 
support consideration of hypercapnia 
as a stimulus for cardiac stress test.

Hypercapnia of about 10 mm Hg 
from baseline is benign because it is 
within the physiologic range and is 
commonly experienced in day-to-day 
living by most people (29,30). With 
few exceptions (eg, increased intracra-
nial pressure) there is no known risk 
or contraindication to an increase of 
PaCO2 of 10 mm Hg. The main effects 
of hypercapnia are dyspnea and, in 
some, stimulation of the sympathetic 
nervous system that results in increase 
in heart rate and blood pressure. In a 
study of 400 consecutive patients who 
underwent a 10 mm Hg increase in 

dioxide–attributable coronary vasodila-
tion (24,25). In our study, an increase 
in PetCO2 of 5 mm Hg was also insuffi-
cient to generate a measurable change 
in myocardial blood flow, but differed 
from these studies in important ways. 
First, we attained significantly greater 
hypercapnic stimulus of 10 mm Hg. 
Second, in our study, the PaCO2 was 
known from the PetCO2 (12). This re-
lationship has only been shown to hold 
for sequential rebreathing and is used 
by prospective targeting (12,26). Third, 
in our subjects, normoxia was main-
tained to avoid vasoconstriction.

The recent study by Beaudin et al 
(7) is particularly relevant to our study. 
These investigators applied a euoxic hy-
percapnic stimulus of 9 mm Hg in hu-
mans and measured the effect on coro-
nary sinus blood flow with MR imaging. 
They found that myocardial blood flow 
(indexed by coronary sinus flow) in-
creased by 34% 6 4.6, which is similar 
to that of cerebral blood flow. After ac-
counting for the increase in myocardial 
blood flow because of the work-induced 
increase in myocardial oxygen con-
sumption, the increase in myocardial 
blood flow from vasodilation alone was 
17.1% 6 5.7. This study, with a few 
caveats, is comparable to ours. Beaudin 
et al implemented a 14-second breath-
hold to enable the cardiac MR imag-
ing–based coronary sinus blood flow 
measures. Breath hold induces further 

Table 2

Physiologic Parameters Measured in Ramp Group during Cardiac MR Studies

Physiologic Parameter Baseline Hypocapnia Hypercapnia Adenosine

Targeted PaCO2 (mm Hg) 40 6 1 30 6 2* (,.01) 56 6 5* (,.01) …
Actual PaCO2 (mm Hg) 43 6 4 35 6 5* (,.01) 54 6 7* (,.01) 43 6 4 (..99)
Targeted PaO2 (mm Hg) 113 6 10 107 6 12 (..99) 111 6 9 (..99) …
Actual PaO2 (mm Hg) 101 6 14 102 6 19 (..99) 102 6 16 (..99) 101 6 14 (..99)
Heart rate (beats/min) 86 6 14 80 6 20 (..99) 105 6 29* (,.01) 119 6 27* (,.01)
Systolic blood pressure (mm Hg) 94 6 9 96 6 8 (..99) 92 6 7 (.7) 80 6 13* (,.01)
Diastolic blood pressure (mm Hg) 58 6 11 57 6 12 (..99) 54 6 11 (..99) 46 6 16 (.41)
Mean arterial pressure (mm Hg) 76 6 9 77 6 9 (..99) 73 6 8 (..99) 63 6 14 (.2)
Rate-pressure product (beats/min 3 mm Hg) 8050 6 2472 7674 6 2011 (..99) 9567 6 2595 (.8) 9015 6 2147 (..99)
Oxygen saturation (%) 95.7 6 0.5 95.1 6 0.4 (..99) 94.9 6 1.4 (..99) 95.7 6 0.5 (..99)
Temperature (°F) 99.7 6 1.2 100 6 1.4 (..99) 99.8 6 1.2 (..99) 101 6 1.4 (..99)

Note—Data are mean values and data in parentheses are P values. P values are relative to baseline. PaO2 = partial pressure of oxygen in arterial blood.

* Statistically significant.
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25% at 3 T (14,32), with the individual 
amplitude of response determined by 
the specific imaging approach. Among 
the various imaging approaches, the 
T2-prepared scheme has been studied 
by a number of different investigators 
and has also been validated against mi-
crospheres (13). In particular, the T2-
prepared steady-state free precession 
approach at 3 T (14) has been shown to 
elicit mean hyperemic BOLD response 
from healthy myocardium between 15% 
and 17%. In this study we found that 
the free-breathing BOLD response at 3 
T with T2-prepared steady-state free-
precession acquisition scheme is 14% 
6 24 with adenosine and 17% 6 14 
with hypercapnia in canines, which are 
consistent with previous reports.

Healthy human subjects were ex-
posed to hypercapnia but not adenosine 
because we considered it necessary to 
compare available data before per-
forming invasive tests. We chose a 10 
mm Hg hypercapnic stimulus for the 
human studies because considerable 
experience exists with this dose in an 
elderly population with cerebrovascular 
disease (8), who presumably have sim-
ilar comorbidities (including ventilatory 
limitations) to those in patients with 
coronary disease.

While the observed coronary blood 
flow velocity responses in canines were 
similar to previous reports, some groups 
(18,33) showed that coronary blood 
flow velocity reserves in excess of 2.0 
in healthy subjects. These differences 
likely stem from the differences in coro-
nary blood flow velocity measurement 
position along the coronary artery (33). 
Moreover, because our stenosis studies 
relied on knowing the peak blood flow 
velocity before hypoperfusion, we were 
unable to randomize the PaCO2 levels. 
Given that the LAD constriction likely 
only introduced hypoperfusion and not 
ischemia, we do not anticipate the non-
randomization of PetCO2 between 40 
mm Hg and 60 mm Hg to have any ef-
fect on our findings. However, additional 
studies are needed to confirm this.

In this study, we only evaluated one 
level of stenosis. Stenosis was created 
by reducing the blood flow to baseline 
levels in LAD under hypercapnia of 60 

Figure 3

Figure 3:  BOLD response to adenosine versus hypercapnia in the presence of LAD stenosis in canines. 
(a) Representative color-overlaid BOLD MR images acquired during adenosine infusion, hypercapnia, and 
rest from a canine with LAD stenosis (arrows). Color bar shows myocardial BOLD MR signal intensity. Images 
acquired under adenosine infusion and at rest were obtained under normocapnia. (b) Bull’s eye plots con-
structed from images in panel a; the raw rest image with segmentation details is shown for reference. The 
point of radial extension on the epicardial contour of the bull’s eye plots and rest BOLD MR image indicates 
the right-ventricular insertion point. Color base is shown to index the magnitude of the BOLD response 
between rest and stress. Note the close correspondence in hypoperfused territories between hypercapnia 
and adenosine (arrows, a) and the normalized BOLD response of myocardial segments at both hyperemic 
states (adenosine and hypercapnia) relative to resting state in panel b. (c) Box plot shows percentage of 
hyperemic BOLD response from stenosis (affected ) and remote (unaffected ) segments in the presence of 
LAD stenosis in canines. Box plot presentation is the same as before. ∗ = significant difference relative to 
affected territories (P , .05). Actual values in panel c are as follows: for adenosine, 1.01 6 0.04 affected 
segments and 1.06 6 0.04 unaffected segments; and for hypercapnia, 0.94 6 0.04 affected segments and 
1.04 6 0.04 unaffected segments.
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