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Background-—Coronary artery disease and left ventricular hypertrophy are prevalent in the chronic kidney disease (CKD) and renal
transplant (RT) population. Advances in cardiovascular magnetic resonance (CMR) with blood oxygen level–dependent (BOLD)
technique provides capability to assess myocardial oxygenation as a measure of ischemia. We hypothesized that the myocardial
oxygenation response to stress would be impaired in CKD and RT patients.

Methods and Results-—Fifty-three subjects (23 subjects with CKD, 10 RT recipients, 10 hypertensive (HT) controls, and 10 normal
controls without known coronary artery disease) underwent CMR scanning. All groups had cine and BOLD CMR at 3 T. The RT and
HT groups also had late gadolinium CMR to assess infarction/replacement fibrosis. The CKD group underwent 2-dimensional
echocardiography strain to assess fibrosis. Myocardial oxygenation was measured at rest and under stress with adenosine
(140 lg/kg per minute) using BOLD signal intensity. A total of 2898 myocardial segments (1200 segments in CKD patients, 552
segments in RT, 480 segments in HT, and 666 segments in normal controls) were compared using linear mixed modeling. Diabetes
mellitus (P=0.47) and hypertension (P=0.57) were similar between CKD, RT, and HT groups. The mean BOLD signal intensity
change was significantly lower in the CKD and RT groups compared to HT controls and normal controls (�0.89�10.63% in CKD
versus 5.66�7.87% in RT versus 15.54�9.58% in HT controls versus 16.19�11.11% in normal controls, P<0.0001). BOLD signal
intensity change was associated with estimated glomerular filtration rate (b=0.16, 95% CI=0.10 to 0.22, P<0.0001). Left
ventricular mass index and left ventricular septal wall diameter were similar between the CKD predialysis, RT, and HT groups. None
of the CKD patients had impaired global longitudinal strain and none of the RT group had late gadolinium hyperenhancement.

Conclusions-—Myocardial oxygenation response to stress is impaired in CKD patients and RT recipients without known coronary
artery disease, and unlikely to be solely accounted for by the presence of diabetes mellitus, left ventricular hypertrophy, or
myocardial scarring. The impaired myocardial oxygenation in CKD patients may be associated with declining renal function.
Noncontrast BOLD CMR is a promising tool for detecting myocardial ischemia in the CKD population. ( J Am Heart Assoc. 2015;4:
e002249 doi: 10.1161/JAHA.115.002249)
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C ardiovascular disease is the leading cause of mortality in
patients with chronic kidney disease (CKD).1 CKD

patients have a 10 to 20 times higher risk of cardiac death
than the normal population, although the mechanism is
uncertain.2 Furthermore, despite cardiovascular mortality

being significantly reduced following renal transplantation,3

cardiovascular disease remains a major cause of mortality in
post–renal transplant (RT) recipients.4 The majority of coro-
nary artery disease (CAD) in CKD patients is asymptomatic
and due to multivessel epicardial disease.5,6 These patients
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have significant cardiovascular risk factors ranging from
atherosclerotic (hypercholesterolemia, diabetes, hyperten-
sion), myocardial (fluid overload), and metabolic (hyperphos-
phatemia, anemia, chronic inflammation). Left ventricular
hypertrophy is also a frequent finding in the CKD population,
with a prevalence of 75%.7

Current functional cardiac investigations are neither sensi-
tive nor specific for ischemia in CKD patients.8,9 Blood oxygen
level–dependent (BOLD) cardiovascular magnetic resonance
(CMR) assesses myocardial tissue oxygenation, thus is poten-
tially able to measure mismatches in myocardial oxygen
demand and supply and indicate ischemia.10 It exploits the
paramagnetic properties of deoxyhemoglobin as an endoge-
nous contrast agent with increased deoxyhemoglobin content
leading to signal reduction on T2-weighted images.11 The
transition from diamagnetic oxyhemoglobin to paramagnetic
deoxyhemoglobin induces a change in magnetic resonance
signal intensity (SI) and thereby generates oxygen-dependent
contrast.12 The BOLD technique has been validated in animal
models13–21 and utilized in human studies in patients with
angina, CAD, syndrome X, and hypertension.22–26

We utilized BOLD CMR to measure myocardial oxygenation
response to stress in the CKD population as a measure of
myocardial ischemia and searched for associations with renal
function. We hypothesized that:

1. oxygenation would be impaired in the CKD population
without known CAD, irrespective of the presence of
diabetes mellitus and/or hypertension.

2. myocardial oxygenation would also be impaired in renal
transplant recipients without known CAD.

Methods

Study Population
CKD patients with an estimated glomerular filtration rate
(eGFR) <30 mL/min per 1.73 m2 or receiving regular dialysis
were invited to participate at Flinders Medical Centre, a
tertiary teaching hospital in South Australia, in 2012–2014.
Ten RT recipients with reasonable renal function eGFR
>45 mL/min per 1.73 m2 were prospectively recruited from
our hospital transplant clinic. CKD and RT patients had the
following inclusion criteria: no symptoms of cardiac disease,
no established CAD (no history of myocardial infarction,
angina, coronary artery stent or bypass surgery or angio-
graphically documented significant CAD >70%, and no
significant inducible myocardial ischemia on functional testing
pretransplant), and no previous systolic heart failure. Ten
people with a clinical diagnosis of hypertension (HT) and who
were asymptomatic with no known CAD were prospectively
recruited from the hospital’s Hypertension Clinic. Ten healthy

volunteers without cardiovascular risk factors or symptoms
served as normal controls.

The exclusion criteria for each group were standard
contraindications to CMR (eg, severe claustrophobia, metallic
implants) and contraindications to adenosine (second- or
third-degree atrioventricular block, obstructive pulmonary
disease, and dipyridamole use).

All participants gave written informed consent, and the
study was approved by Southern Adelaide Clinical Human
Research Ethics Committee.

Biochemistry
eGFR was calculated from serum creatinine using the CKD-
Epidemiology Collaboration formula.27

CMR Protocol
All participants underwent scanning in a 3-T clinical MR
scanner (Siemens, 3 T Trio, 4 channel Body Flex coil) and
were instructed to refrain from caffeine 24 hours prior to the
scan. All scans started with Half-Fourier single-shot turbo spin
echo and Fast imaging with steady precession localizers. Cine
images were acquired in vertical and horizontal long-axis, and
10 short-axis images covering the entire left ventricle, using a
retrospective ECG gating steady-state free precession (SSFP)
sequence (repetition time [TR] 3 ms, echo time [TE] 1.5 ms,
flip angle 55°, 18 phases).28 For BOLD imaging, a single
midventricular slice was acquired at mid-diastole using a
T2-prepared ECG-gated SSFP sequence (TR 2.86 ms, TE
1.43 ms, T2 preparation time 40 ms, matrix 1689192, field
of view 3409340 mm, slice thickness 8 mm, flip angle 44°),
as previously described.23 Shimming and center frequency
adjustments were performed as required before the oxygena-
tion imaging to minimize off-resonance artifacts. A set of 6
BOLD images was acquired at rest during a single breath-hold
over 6 heartbeats. Six stress BOLD images identical to the
ones acquired at rest were acquired at peak adenosine stress
(140 lg/kg per minute) 90 s after initiation for at least
3 minutes. Stress heart rate and blood pressure were
obtained every minute of adenosine infusion. Each participant
was questioned about the occurrence of adenosine effects:
chest pain or tightness, shortness of breath, flushing,
headache, and nausea.

All RT and HT subjects (eGFR >45 mL/min per 1.73 m2)
underwent additional late gadolinium imaging. Gadovist
(Bayer Healthcare, Australia) 0.05 mmol/kg was injected,
and after 6 minutes, images were acquired in the 3 long axes
and in the short axis plane to obtain coverage of the entire left
ventricle using a gated T1-weighted segmented inversion
recovery turbo fast low-angle shot sequence (echo time,
4.8 ms; voxel size, 1.492.498 mm; flip angle, 20°). The
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inversion time was adjusted to achieve optimal nulling of
noninfarcted myocardium, as previously described.29

Strain Echocardiography
Due to the risk of nephrogenic systemic fibrosis with
gadolinium contrast in patients with severe renal dysfunc-
tion,30–32 gadolinium studies were not undertaken in the CKD
cohort, who instead underwent speckle-tracking strain
echocardiography study as a measure of myocardial fibrosis.
Patients were imaged in the left lateral decubitus position with
a 3.5-MHz transducer (Vivid E9 Ultrasound and M5S-D probe,
General Electric Vingmed, Horten, Norway). Routine, 3-beat
gray-scale images of the left ventricle were acquired from the
apical 4-chamber, 2-chamber, and long-axis views. Frame
rates in excess of 50 fps were maintained, and care was
taken to ensure nonforeshortening of the left ventricle.
Echocardiographic data were stored in a digital format for
offline analysis, which was performed using commercially
available software (EchoPac BT-11; GE-Vingmed, Horten,
Norway). Left ventricular speckle-tracking strain was mea-
sured by manually demarcating the myocardial border with
the region of interest optimized to ensure accurate tracking.
All echocardiographic images were analyzed by a single
observer (RP) with more than 15 years echocardiographic
experience, who was independent and blinded to patients’
clinical and CMR data. Strain-versus-time curves were
obtained for 18 segments from 3 apical views. Global
longitudinal strain was measured from the average of 18
segments.

CMR Image Analysis
CMR analysis was performed with CMR42 Version 4.1 (Circle
Cardiovascular Imaging Inc, Calgary, Canada). Left ventricular
mass, and left and right ventricular volumes and functions
were calculated using the 3-dimensional short-axis stack by
tracing the endocardial and epicardial contours in end-
diastole and end-systole, as previously described.28 Left
ventricular mass, left and right ventricular end-diastolic
volumes, and end-systolic volumes were indexed to body
surface area. The septal and lateral wall diameters were
measured in end-diastole at midventricular level from short-
axis view.

BOLD analysis was performed as previously described.23

Myocardial SI was measured by the CMR software, after
manually tracing the endocardial and epicardial contours.
Each midventricular short-axis BOLD image was divided into 6
segments (anterior, anterolateral, inferolateral, inferior, infer-
oseptal, and anteroseptal) according to the American Heart
Association 17-segment model.33 The mean myocardial SI
within each segment was obtained, both at rest and stress,

and corrected to variations in heart rate with the following
equation previously described23:

SI ¼ SI0=ð1� be�TR=T1Þ

with T1=1220 ms and b=0.59 (determined empirically for this
sequence), SI0=the measured signal intensity, SI=signal
intensity corrected to heart rate, and TR is the image-
dependent time between acquisition of sections of k-space,
governed by the heart rate (replaced by the RR interval).23

The SI change was calculated as:

DSIð%Þ ¼ ðSI stress-SI restÞ=SI rest� 100%

A second operator blinded to the clinical data analyzed a
subset of BOLD CMR scans to assess interobserver repro-
ducibility.

Statistical Analysis
Statistical analysis was performed with STATA version 13.0.
Normally distributed data are expressed as mean�SD and
non-normally distributed data as median (interquartile range).
Either ANOVA or a Kruskal–Wallis test was used to compare
clinical characteristics between the study groups as appro-
priate. Chi-squared tests or Fisher’s exact tests were used for
comparison of categorical variables. BOLD SI evaluation of
coronary artery level data and association with eGFR was
analyzed using linear mixed modeling with a random intercept
used for each subject to account for the within-subject
correlation present from measuring at 3 different artery
sites.34 All analyses were adjusted for age and gender a priori,
and also for other potential confounders where appropriate.
Both unadjusted and adjusted linear mixed modeling was
performed with adjustment for medication use (where signif-
icant in univariate analysis) and left ventricular mass a priori.
Interobserver reproducibility of BOLD SI change was assessed
by coefficient of variance. Statistical tests were 2-tailed and a
P<0.05 was considered statistically significant.

Results

Subject Characteristics
Fifty-three subjects participated in the study: 23 CKD (11
[48%] dialysis and 12 [52%] predialysis), 10 RT, 10 HT
controls, and 10 normal controls. Clinical characteristics are
presented in Table 1. Age was similar between the CKD, RT,
and HT groups (P=0.65). The presence of diabetes mellitus
(P=0.47) and hypertension (P=0.57) were similar between the
CKD, RT, and HT groups. After adjustment for multiple group
comparisons using Bonferroni correction, the eGFR was lower
in the CKD group compared to HT control (P<0.0001), lower in
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the RT group compared to HT control (P=0.001), lower in the
CKD group compared to RT group (P<0.0001), and similar
between the HT and the normal controls (P=1.00). The level of
hemoglobin was lower in the CKD group compared to the HT
control (P<0.0001) and lower in the CKD group compared to
the RT group (P<0.0001), but similar between the RT and HT
control (P=1.00). The HT control had a higher level of
low-density lipoprotein compared to the CKD group (P=0.004)
and compared to the RT group (P=0.007). The use of aspirin,
angiotensin-converting enzyme inhibitor, b-blocker, and statin
between the 4 groups was not statistically different. The use
of angiotensin receptor blocker was lower in the CKD group
compared to the HT group (P=0.017) but similar between the
RT and HT group (P=0.36).

The etiology of renal diseases in the CKD and RT groups
were as follows: polycystic kidney disease (7 [30%] CKD, 6
[60%] RT), glomerulonephritis (3 [13%] CKD, 3 [30%] RT),
diabetic nephropathy (4 [17%] CKD), medication related (2
[9%] CKD, 1 [10%] RT), Alport’s syndrome (1 [5%] CKD),
previous nephrectomy (2 [9%] CKD), and unknown (4 [17%]
CKD).

Assessment of Left Ventricular Mass, Volumes,
and Function
The CMR results are summarized in Table 2. Left ventricular
mass index was higher in the dialysis group, but similar
between the predialysis, RT, and HT groups (P=0.40). Left
ventricular septal (P=0.64) and lateral wall diameter (P=0.64)
were similar between the CKD, RT, and HT groups.

Assessment of Myocardial Oxygenation
A total of 2898 myocardial segments (1200 segments of CKD
[648 segments of dialysis and 552 segments of predialysis],
552 segments of RT, 480 segments of HT, and 666 segments of
normal controls) were compared using linear mixed modeling.

Global BOLD signal intensity (BOLD SI) change of the CKD
(dialysis and predialysis), RT, HT, and normal controls is
outlined in Figure 1. The mean global BOLD SI change was
significantly lower in the CKD and RT groups compared to HT
and normal controls (�0.89�10.63% in CKD [�3.46�12.83%
in dialysis versus 1.44�7.62% in predialysis] versus
5.66�7.87% in RT versus 15.54�9.58% in HT controls,

Table 1. Clinical Characteristics

CKD Subjects (n=23)

Renal Transplant
Subjects (n=10)

Hypertensive
Controls (n=10)

Normal
Controls (n=10) P Value*

Dialysis
(n=11)

Predialysis
(n=12)

Age, y (mean�SD) 65�12 54�14 59�7 55�11 45�10 0.02

Male sex, n (%) 6 (55) 5 (42) 6 (60) 5 (50) 4 (40) 0.91

BMI, kg/m² (mean�SD) 27�4 26�6 27�3 33�3 22�2 <0.001

eGFR, mL/min per 1.73 m2—median (range) 14 (8 to 18) 72 (57 to 114) 108 (57 to 144) 110 (79 to 146) <0.0001

Hemoglobin, g/L 109�19 114�16 138�16 145�14 — <0.0001

Cardiovascular risk factors, n (%)

Hypertension 8 (73) 8 (67) 9 (90) 10 (100) 0 (0) <0.001

Diabetes mellitus 5 (45) 4 (33) 1 (10) 2 (20) 0 (0) 0.20

Total cholesterol, mmol/L 3.9�1.1 5.4�1.5 4.8�1.3 5.7�1.0 — 0.20

Low-density lipoprotein, mmol/L 2.0�0.7 2.7�0.6 2.1�1.2 3.6�0.9 — 0.002

Triglyceride, mmol/L 1.3�1.4 2.6�2.6 2.6�1.7 1.5�0.7 — 0.33

Smoking history 4 (36) 4 (33) 3 (30) 3 (30) 0 (0) 0.20

Cardiac medications, n (%)

Aspirin 1 (9) 0 (0) 0 (0) 2 (20) 0 (0) 0.21

b-Blocker 5 (45) 2 (17) 5 (50) 2 (20) 0 (0) 0.05

ACE inhibitor 1 (9) 2 (17) 3 (30) 2 (20) 0 (0) 0.45

Angiotensin receptor blocker 0 (0) 2 (17) 2 (20) 5 (50) 0 (0) 0.01

Calcium channel blocker 3 (27) 2 (17) 3 (30) 5 (50) 0 (0) 0.11

Statin 5 (45) 2 (17) 2 (20) 2 (20) 0 (0) 0.16

Data are presented as n (%) or mean�SD. ACE indicates angiotensin-converting enzyme; ANOVA, analysis of variance; BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated
glomerular filtration rate.
*Assessed using ANOVA or Fisher’s exact test as appropriate.
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versus 16.19�11.11% in normal controls, P<0.0001). Mean
BOLD SI change was significantly lower in CKD compared to
HT controls (P<0.0001). Mean BOLD SI change was signifi-
cantly lower in RT compared to HT controls (P=0.013). There
was a trend of mean BOLD SI change to be lower in CKD
compared to RT (P=0.068). The mean BOLD SI change was
similar between HT and normal controls (P=0.89).

Regional BOLD SI change in the left anterior descending,
left circumflex (LCx), and right coronary artery territories were
significantly lower in CKD and RT compared to HT and normal
controls (Figure 2) (BOLD SI Change in left anterior descend-
ing territory: �1.70�14.00% in CKD [�3.95�14.48% in
dialysis versus 0.34�13.85% in predialysis] versus
6.40�7.90% in RT versus 16.67�7.60% in HT controls,
versus 17.40�11.54% in normal controls, P<0.001; BOLD SI
change in left circumflex territory: 2.19�14.41% in CKD
[�3.60�14.69% in dialysis versus 7.45�12.54% in predialy-
sis] versus 4.86�8.59% in RT versus 13.26�15.49% in HT
controls, versus 16.52�14.76% in normal controls, P=0.018;
BOLD SI change in right coronary artery territory:
�3.17�10.66% in CKD [�2.83�12.77% in dialysis versus
�3.48�8.97% in predialysis] versus 5.73�12.95% in RT
versus 16.71�12.09% in HT controls, versus 14.64�12.30%
in normal controls, P<0.001).

The reproducibility of BOLD SI measurements was good,
with a coefficient of variation of 1.2% for rest, 2.4% for stress
images, and 3.0% for BOLD SI change measurements.
Multivariate analysis revealed that only the patient group
remained an independent predictor of BOLD SI change.
Figure 3 shows examples of rest and stress BOLD images
representative of each group.

Table 2. Left Ventricular Mass, Septal and Lateral Wall Thickness, Ventricular Volumes, and Ejection Fraction

CKD Subjects (n=23)

Renal Transplant
Subjects (n=10)

Hypertensive
Controls (n=10)

Normal
Controls (n=10) P Value*

Dialysis
(n=11)

Predialysis
(n=12)

LV mass index, g/m² 87�20 69�21 65�11 60�10 60�10 0.053

LV septal wall thickness, cm 1.2�0.3 1.1�0.3 1.2�0.2 1.1�0.3 1.1�0.3 <0.001

LV lateral wall thickness, cm 1.0�0.2 0.9�0.3 0.9�0.2 0.9�0.2 0.9�0.2 0.30

LV end diastolic volume index, mL/m2 74�17 71�26 71�19 70�13 67�13 0.91

LV end systolic volume index, mL/m2 27�10 23�16 19�10 22�9 22�5 0.58

LV stroke volume index, mL/m2 47�12 48�17 51�13 46�10 46�10 0.79

LV ejection fraction, % 64�9 68�13 73�9 69�8 68�6 0.29

RV end diastolic volume index, mL/m2 69�13 73�31 71�8 71�18 70�14 0.99

RV end systolic volume index, mL/m2 26�6 27�16 29�8 26�9 26�8 0.91

RV stroke volume index, mL/m2 43�12 46�20 43�9 46�12 44�9 0.96

RV ejection fraction, % 61�11 63�11 61�13 63�6 64�7 0.94

All data are presented as mean�SD. ANOVA indicates analysis of variance; CKD, chronic kidney disease; LV, left ventricle; RV, right ventricle.
*Assessed using ANOVA.

Figure 1. Distribution of myocardial oxygenation BOLD SI
change of the chronic kidney disease (dialysis, predialysis), RT,
hypertensive, and normal controls groups (�3.46�12.83% in
dialysis vs 1.44�7.62% in predialysis vs 5.66�7.87% in RT vs
15.54�9.58% in HT vs 16.19�11.11% in normal controls,
P<0.0001). BOLD indicates blood oxygen level–dependent; HT,
hypertensive; RT, renal transplant; SI, signal intensity.
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Association Between Myocardial Oxygenation
and Renal Function
BOLD SI change was associated with eGFR (b=0.16, 95% CI=0.10
to 0.22, P<0.0001) in all groups combined (Figure 4). There was a
significant positive correlation between BOLDSI change and eGFR
in the CKD group alone (r=0.27, P=0.03) (Figure 5). In the RT
group alone, however, there was no significant correlation
between BOLD SI change and eGFR (r=�0.09, P=0.65).

In the CKD and RT groups, therewas no significant correlation
between BOLD SI change and the level of hemoglobin (r=0.19,
P=0.13) and (r=0.05, P=0.83), respectively.

Assessment of Myocardial Fibrosis
Global longitudinal strain in the CKD group was �18.10�1.74
versus in the normal volunteers �18.3�2.16, P=0.82, which
was within normal limits.

None of the RT subjects had late-gadolinium hyperen-
hancement. Two HT subjects had midwall hyperenhancement
typical of hypertensive heart disease.

Discussion
The principal result from this study is that myocardial
oxygenation response to stress is impaired in the CKD

patients and renal transplant recipients without known CAD,
independent of the presence of diabetes mellitus, left
ventricular hypertrophy, and myocardial scar. Furthermore,
the impairment in the stress BOLD signal is associated with
the degree of renal dysfunction. To the best of our knowledge,
this is the first study to utilize BOLD CMR in CKD and RT
patients.

BOLD CMR Technique
A major strength of this study is that we directly assessed the
imbalance between myocardial oxygen demand and supply
characteristic of ischemia noninvasively using nongadolinium
contrast BOLD CMR technique at 3 T BOLD CMR utilizes the
fact that deoxygenated hemoglobin in blood can act as an
intrinsic contrast agent, changing proton signals in a fashion
that can be imaged to reflect the level of blood oxygenation.
Increases in O2 saturation increase the BOLD imaging signal
(T2), whereas decreases diminish it. As recently reviewed, the
BOLD CMR technique has been extensively validated in
preclinical and clinical studies at both 1.5 and 3 T using a
variety of sequences.35 The SSFP sequence used in this study
was initially validated in the canine heart at 1.5 T by Fieno
et al.20 We used the higher field strength (3 T) given the
limited signal-to-noise ratio between normal and deoxy-
genated myocardial regions at 1.5 T.21 The BOLD measure-
ment reproducibility in this study compares favorably with the

Figure 2. Myocardial oxygenation BOLD SI change of the CKD (dialysis, predialysis), RT, hypertensive, and
normal controls groups within each of the 3 coronary artery territories. BOLD indicates blood oxygen level–
dependent; CKD, chronic kidney disease; LAD, left anterior descending; LCx, left circumflex; RCA, right
coronary artery; RT, renal transplant; SI, signal intensity.
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BOLD SI measurement reproducibility demonstrated by
Karamitsos et al, who used the same SSFP sequence at
3 T.23

Myocardial Oxygenation, Epicardial and
Microvascular CAD
BOLD CMR technique can identify not only epicardial coronary
artery stenosis, but also potentially coronary microvascular
dysfunction. BOLD CMR has moderate accuracy in detecting
significant CAD.24,36 Myocardial oxygenation response to
stress has been recognized to be impaired in patients with
significant epicardial CAD.23,24 The normal BOLD SI index
threshold is defined in recent CAD versus normal control
studies (using the same SSFP T2 prep sequence as the current
study) as 2.64% (sensitivity 92% and specificity 72% for
coronary stenosis >50%) by Arnold et al,12 3.74% (sensitivity
67% and specificity 88% for coronary stenosis >50%) by
Karamitsos et al,23 and 1.2% (sensitivity 88% and specificity

47% for coronary stenosis >75%) by Friedrich et al25 Walcher
et al, using T2-prepared SSFP, evaluated the diagnostic accu-
racy of BOLD CMR compared to invasive fractional flow reserve
(FFR), for measuring hemodynamically significant coronary
artery lesion.37 They found that relative BOLD signal intensity
increase was significantly lower in myocardial segments
supplied by coronary arteries with an FFR ≤0.8 compared with
segments with an FFR >0.8 (1.1�0.2 versus 1.5�0.2;
P<0.0001).37 The BOLD CMR sensitivity and specificity com-
pared to FFR ≤0.8 were 88.2% and 89.5%, respectively.37

We demonstrated significant blunted myocardial oxygena-
tion response to stress in the CKD patients with negative
mean BOLD SI change values, which could imply significant
coronary artery stenosis, either epicardial, microvascular, or
both. Luu et al demonstrated that coronary territories with
FFR <0.80 had negative-value mean BOLD SI change, and FFR
<0.54 predicted a complete lack of vasodilator-induced
oxygenation increase with sensitivity of 71% and specificity
of 75%.38 Karamitsos et al also demonstrated negative BOLD

Figure 3. Examples of myocardial oxygenation (BOLD) images at rest and during stress of the CKD (dialysis, predialysis), RT, hypertensive,
and normal controls groups. BOLD SI change (%)=(SI stress�SI rest)/SI rest9100%. SI rest and SI stress were automatically calculated by
CMR software, and corrected to RR interval. BOLD indicates blood oxygen level–dependent; CKD, chronic kidney disease; CMR,
cardiovascular magnetic resonance; eGFR, estimated glomerular filtration rate; LAD, left anterior descending; LCx, left circumflex; RCA, right
coronary artery; RT, renal transplant; SI, signal intensity.
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SI change values in patients with significant coronary artery
stenoses.23

Microvascular CAD can be present in the presence or
absence of coexistent epicardial CAD. We have previously

demonstrated an intermediate BOLD SI change in the myocar-
dial segments subtended by nonstenosed coronary arteries,
compared to segments subtended by stenosed coronary
arteries and coronary arteries of normal volunteers. Microvas-
cular disease could also be present in our population in
the absence of significant CAD. CKD patients have a high
prevalence of left ventricular hypertrophy.7 Microvascular
disease is well known in left ventricular hypertrophy,39 and
may explain myocardial ischemia in the absence of obstructive
coronary disease. In addition, Mahmod et al showed reduced
mean BOLD SI change during stress in patients with aortic
stenosis without significant epicardial coronary artery stenosis,
suggestive of microvascular disease.40 Blunted myocardial
oxygenation response to stress was also demonstrated in
patients with hypertrophic cardiomyopathy.41 Given our CKD
cohort were asymptomatic, with no known significant epicar-
dial coronary disease, severe microvascular disease might well
explain the impaired myocardial oxygenation response in all
coronary artery territories.

Myocardial Oxygenation Response to Stress and
Myocardial Fibrosis
Detection of scarred and viable myocardium using BOLD
CMR was studied by Egred et al.42 They showed reduced
BOLD SI change in scarred myocardial segments.42 Late
gadolinium enhancement to assess myocardial scarring and
fibrosis was not performed in the CKD cohort due to the risk
of nephrogenic systemic fibrosis. Echocardiographic strain
imaging enables a comprehensive assessment of myocardial
function with the ability to differentiate between active and
passive movement of myocardial segments, longitudinal
myocardial shortening, and dyssynchrony that are not
visually assessable.43 The accuracy of 2-dimensional
speckle-tracking echocardiography has been compared with
delayed enhancement cardiac magnetic resonance imaging
where a strain value of �15% identified myocardial fibrosis
with sensitivity of 83% and specificity of 93%.44 Our CKD
subjects did not exhibit impaired global longitudinal strain
assessed by 2-dimensional speckle-tracking echocardiogra-
phy and none of the RT subjects had late gadolinium
hyperenhancement, suggesting the impaired BOLD SI change
in our cohort was not related to replacement myocardial
fibrosis or scar.

Myocardial Oxygenation and CKD
Our study suggests that impaired myocardial oxygenation
response to stress may be associated with declining renal
function. The severity of renal dysfunction has been shown to
have a strong association with the incidence of cardiovascu-
lar events.45 Further analysis of our CKD patients showed

Figure 4. Association of myocardial oxygenation BOLD SI
change of the chronic kidney disease, renal transplant, hyperten-
sive, and normal controls groups (b=0.16, 95% CI=0.10 to 0.22,
P<0.0001). BOLD indicates blood oxygen level–dependent; SI,
signal intensity.

Figure 5. Correlation of myocardial oxygenation BOLD SI
change and renal function of the chronic kidney disease group
(r=0.27, P=0.03). BOLD indicates blood oxygen level–dependent;
eGFR, estimated glomerular filtration rate; SI, signal intensity.
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that the degree of renal impairment (ie, lower eGFR) was
correlated with more impaired myocardial oxygenation
response to stress. The impaired myocardial oxygenation in
RT recipients, however, was not associated with the resid-
ual renal function, perhaps suggesting that there may be
other mechanism(s), such as immunosuppression-induced
microvascular dysfunction, that may cause the impaired
BOLD signal. The impaired oxygen supply and demand in our
CKD and RT cohort was not significantly associated with the
degree of anemia.

Clinical Implications
CAD in the CKD patients is often multivessel and causes silent
or asymptomatic myocardial ischemia.5,46 Myocardial ische-
mia can be caused by both epicardial or microvascular CAD.
Our CKD and RT cohorts demonstrate impaired myocardial
oxygenation in all coronary artery territories, suggesting
multivessel microvascular CAD, which has been shown to be
present in the CKD population.47 It may explain the reduced
accuracy of stress echocardiography in detecting ischemia in
CKD patients.9 Stress echocardiography technique detects
inducible myocardial ischemia based on detection of wall-
motion abnormalities, and thus would detect significant
epicardial CAD, not microvascular disease.8 Microvascular
CAD has been shown to be associated with reduced
survival.48 Thus, our study may lead to better management
of multivessel microvascular CAD and cardiac risk factors in
the CKD and post-transplant population.

Study Limitations
Our study has some limitations. The sample size was small,
consistent with being a pilot study; therefore, the findings
need to be confirmed in a larger patient population.
However, we applied strict inclusion and exclusion criteria
and made every possible effort to include CKD patients who
were reasonably well clinically and without previous CAD,
systolic heart failure, significant valvular stenosis, or signif-
icant conduction disorder. The dialysis group was older. It is
very difficult to find relatively young patients who are
dialysis dependent since the median age of dialysis patients
at our institution is 75. However, the predialysis CKD group
with impaired myocardial oxygenation had a similar mean
age to the controls. Secondly, the CKD patients are
contraindicated to have gadolinium contrast due to the risk
of nephrogenic systemic fibrosis; therefore, absolute quan-
tification of stress perfusion CMR and late gadolinium
enhancement cannot be performed. Noncontrast T1 map-
ping, which would have been useful for assessing diffuse
fibrosis, unfortunately was not available in our center at time
of the study. Co-registration of images was not performed,

but there was careful alignment between the rest and stress
images using well-recognized landmarks in the heart (eg,
anterior and posterior insertion point of the right ventricle
into the intraventricular septum). While elastic changes
related to stress may not be completely accounted for by
this method, we feel that this is unlikely to have resulted in
major errors. Recently, myocardial oxygenation response to
breathing maneuvers49 and controlled vasodilatory carbon
dioxide delivery through hypercapnia50 have been described,
and may be able to offer a more comfortable option of
BOLD CMR in CKD patients; however, further research is
indicated. BOLD techniques are constantly evolving. The new
approach of cardiac phase-resolved BOLD potentially may
enable assessment of myocardial ischemia completely at
rest.51

Conclusions
Our study suggests that the myocardial oxygenation response
to stress is impaired in CKD patients and RT recipients, and is
unlikely to be accounted for by the presence of diabetes
mellitus, left ventricular hypertrophy, or myocardial scarring.
These patients did not have known epicardial CAD, and
therefore it is likely microvascular disease. The impaired
myocardial oxygenation response to stress may be associated
with the degree of renal function. There was no significant
correlation between BOLD SI change and the level of
hemoglobin. This study demonstrates a new technique for
examining myocardial oxygenation response to stress in
patients with CKD or who have received a RT. Furthermore, it
suggests that multivessel microvascular coronary disease
may be highly prevalent in this population who have a high
prevalence of cardiac mortality and morbidity.
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