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Abstract

Cardiac allograft vasculopathy (CAV) is a progressive process involving both the epicardial and 

microvascular coronary systems. Timing of the development of abnormalities in these 2 

compartments and correlation between changes in physiology and anatomy are undefined. Invasive 

evaluation of coronary artery anatomy and physiology with intravascular ultrasound (IVUS), 

fractional flow reserve (FFR), coronary flow reserve (CFR) and the index of microcirculatory 

resistance (IMR) was performed in the left anterior descending coronary artery during 151 

angiographic evaluations of asymptomatic heart transplant (HT) recipients between 0 and >5 years 

after HT. There was no angiographic evidence of significant CAV, but during the first year after 

HT, FFR decreased significantly (0.89±0.06 vs. 0.85±0.07, p=0.001) and IVUS-derived % plaque 

volume increased significantly (15.6±7.7 to 22.5±12.3%, p=0.0002) resulting in a significant 

inverse correlation between epicardial physiology and anatomy (r=- 0.58, p<0.0001). IMR was 

lower in these patients, compared to those ≥ 2 years after HT (24.1±14.3 vs. 29.4±18.8 units, 

p=0.05), suggesting later spread of CAV to the microvasculature. As IMR increased, FFR 

increased (0.86±0.06 to 0.90±0.06, p=0.0035 comparing recipients with IMR ≤20 to those with 

IMR ≥40), despite no difference in % plaque volume (21.0±11.2 vs. 20.5±10.5%, p=NS). In 

conclusion, early after HT, both anatomic and physiologic evidence of epicardial CAV were found. 

Later after HT, the physiologic effect of epicardial CAV may be less, due to increased 

microvascular dysfunction.

It is now possible to independently assess epicardial coronary artery physiology by 

measuring myocardial fractional flow reserve (FFR) and microvascular physiology by 

measuring the index of microcirculatory resistance (IMR) relatively easily and 

simultaneously with a single coronary guidewire.1-3 The purpose of this study is to 
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investigate changes over time in epicardial coronary artery anatomy and physiology after 

heart transplantation, as determined by intravascular (ultrasound) IVUS and FFR. By also 

measuring IMR, we hope to better understand the timing of the development of cardiac 

allograft vasculopathy (CAV) in the microvasculature and its relationship to the anatomic 

and physiologic changes in the epicardial arteries of these patients.

Methods

Stable heart transplant recipients undergoing coronary angiography were eligible for this 

study. The protocol was approved by Stanford University’s Administrative Panel on Human 

Subjects and each patient provided informed written consent. After routine right heart 

catheterization and right ventricular endomyocardial biopsy, coronary angiography was 

performed in the usual fashion.

Each patient then received 3,000 to 5,000 units of intravenous heparin and 100 to 200 

micrograms of intracoronary nitroglycerin via a 6 French left coronary guiding catheter. A 

0.014 inch coronary pressure wire was calibrated outside of the body and then advanced into 

the left anterior descending artery left anterior descending so that the pressure sensor, which 

is 3 centimeters from the tip of the wire, was located at the ostium of the guiding catheter, 

where equal pressure readings from the catheter and wire were confirmed. The wire was 

then advanced to the mid to distal segment of the left anterior descending.

With commercially available software, the shaft of the pressure wire can act as a proximal 

thermistor and the pressure sensor can act as a distal thermistor; the transit time of an 

injectate can be determined using a validated thermodilution technique.4,5 The resting mean 

transit time of saline down the left anterior descending was calculated by rapidly injecting 3 

milliliters of room temperature saline into the left main coronary artery 3 times and 

averaging the results. Either intravenous adenosine (140 micrograms/kilogram/minute) or 

intracoronary papaverine (15 milligrams) was then administered to induce maximal 

hyperemia. The hyperemic mean transit time was then calculated in a similar fashion to the 

resting mean transit time. Distal coronary and aortic phasic and mean pressures were 

recorded simultaneously.

Coronary flow reserve was defined as the resting mean transit time divided by the hyperemic 

mean transit time.4,5 FFR was measured by dividing the mean distal coronary pressure 

(measured with the wire) by the mean aortic pressure (measured with the catheter), during 

peak hyperemia. IMR was calculated by dividing the mean distal pressure by the inverse of 

the hyperemic mean transit time, or more simply, by multiplying the mean distal pressure by 

the hyperemic mean transit time.1 An example of simultaneous FFR, CFR and IMR 

measurements is shown in Figure 1.

A 40 megaherz IVUS catheter was then advanced over the pressure wire to the mid to distal 

left anterior descending. An automated pullback of the catheter at 0.5 millimeters per second 

was performed and the IVUS images were recorded. Offline, the IVUS images were 

digitized and two-dimensional analysis of cross-sections taken every 0.5 mm was performed. 

Measurements included maximum and minimum vessel and lumen diameters and areas, 
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maximum percent cross-sectional narrowing, plaque area, and maximal intimal thickness. 

Three-dimensional volumetric analysis was performed using Simpson’s method (Echo 

Plaque, Indec Systems, Inc.). Measurements included the average vessel, lumen and plaque 

area of the entire imaged left anterior descending segment. In order to standardize for 

varying degrees of pullback length and for vessel size, the percent plaque volume, defined as 

the plaque volume divided by the vessel volume, was calculated. Plaque morphology was 

graded as soft, fibrofatty, mixed or calcific as previously described.6

The Stanford Quantitative Coronary Angiography Core Laboratory, blinded to the 

physiologic and IVUS results, performed quantitative coronary angiography on the 

proximal, mid and distal left anterior descending coronary artery from an angiogram with 

cranial angulation and minimal panning of the table. Using the guiding catheter for 

calibration and an edge detection system (Sanders Data Systems), the reference diameters 

and minimum lumen diameter for the 3 sites were calculated and the greatest % diameter 

stenosis recorded.

Data are expressed as means ±standard deviation. The mean FFR, IMR, CFR and IVUS 

parameters at various time periods after HT were compared with unpaired Student’s t test. 

Linear regression was applied to determine correlations between physiologic and IVUS 

parameters. Cases were grouped based on the time after HT, from baseline (within 2 months 

of HT), to1 year, 2 year, 3-5 year, and >5 years after HT. ANOVA was used to compare 

changes in physiologic and IVUS parameters over time. A p value <0.05 was considered 

statistically significant. Statistical analysis was performed using Stat View 5.0 (SAS 

Institute).

Results

Patient characteristics are summarized in Table 1. A total of 151 cases (92 patients) were 

included in the study. Quantitative coronary angiography demonstrated no stenosis in the left 

anterior descending > 40% in any patient. Data from 46 of these patients have been reported 

in a previous publication.7

FFR decreased significantly in cases at baseline compared to 1 year after HT (0.89±0.06 to 

0.85±0.07, p=0.001, Figure 2). Beyond the first year, FFR gradually increased in a 

nonsignificant fashion (0.85±0.07 at year 1 to 0.89±0.06 at >5 years post HT, P=0.29). IMR 

did not change significantly during the 5 time periods (24.7±13.5 vs. 23.6±15.1 vs. 

28.2±21.1 vs. 31.0±18.3 vs. 28.9±16.7, p=0.35). However, when comparing cases < 2 years 

to those ≥2 years after HT, IMR increased (24.1±14.3 vs. 29.4±18.8 units, p=0.05). There 

was a nonsignificant increase in the hyperemic mean transit time (0.36 ± 0.20 vs. 0.40 

± 0.22 seconds, p=0.32) and a significant increase in distal coronary pressure (67±12.5 vs. 

72.7 ±14.8, p=0.01) in those cases < 2 years compared to those ≥2 years after HT. CFR did 

not change significantly during the 5 time periods after HT (3.0±1.5 vs. 3.4±1.9 vs. 3.2±1.8 

vs. 2.9±1.1 vs. 3.3±1.4, p=0.72), nor was there a significant difference in CFR when 

comparing cases < 2 years to those ≥ 2 years after HT (3.19 vs. 3.09, p=0.70).
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On average, the IVUS pullback began 66.5±14.3mm distal to the left anterior descending 

ostium. Volumetric and cross-sectional IVUS findings are shown in Table 2. Average lumen 

area decreased significantly over time (11.1± 2.7 vs. 9.3±2.7 vs. 9.4±1.8 vs. 9.0±2.1 vs. 

7.0±1.2, p<0.0001) and % plaque volume increased significantly over time (15.6 ± 7.7 vs. 

22.5 ± 12.3 vs. 22.7 ± 11.4 vs. 24.1±10.6 vs. 26.1±10.7, p=0.002).

FFR correlated inversely with % plaque volume and maximum % cross-sectional narrowing 

in cases < 2 years post transplant (r=-0.58, p<0.0001 and r=-0.57, p<0.0001, respectively), 

cases in which on average IMR was lower. FFR did not correlate with these IVUS 

parameters in cases ≥ 2 years after transplantation (r=-0.14, p=0.27 and r=-0.22, p=0.08, 

respectively), cases in which IMR on average was higher. In cases in which IMR was ≤ 20, 

FFR was significantly lower compared to cases in which IMR was ≥ 40, despite equivalent 

IVUS findings (Table 3). CFR did not correlate with % plaque volume (r=0.13, p=0.11), 

maximum % cross-sectional narrowing (r=0.11, p=0.18) or FFR (r=0.06, p=0.49), but did 

correlate significantly with IMR (r=0.51, p<0.0001).

Discussion

The major finding in this study is the interplay between the physiologic changes in the 

coronary microvasculature and the epicardial coronary artery over time in HT recipients, and 

the effect this interplay has on the correlation between epicardial artery physiology and 

anatomy. Early after HT, anatomic changes in the epicardial artery as assessed by IVUS, 

correlate with significant changes in epicardial artery physiology, as assessed by FFR. On 

average, microvascular resistance (IMR) is lower during the first 2 years after HT compared 

to later after HT, presumably due to late involvement of the microvasculature by CAV. Late 

after HT, the increase in microvascular resistance results in a decrease in the maximum 

achievable flow down the epicardial vessel and lessens the physiologic impact of structural 

abnormalities in the epicardial artery. For this reason, FFR may not provide a good 

representation of epicardial artery plaque burden late after HT, unless microvascular 

resistance (IMR) is found to be low.

In patients who have not had HT, but have microvascular dysfunction from another cause 

(e.g., myocardial infarction) a similar disconnect between the anatomic findings and 

physiologic implications may be present. It does not imply that FFR is inaccurate in these 

patients. The FFR result continues to inform one about the percentage of maximum 

achievable myocardial flow in the presence of an epicardial stenosis. In the setting of 

microvascular dysfunction, the maximum achievable flow is blunted, the impact of an 

epicardial stenosis lessened, and the expected physiologic benefit from stenting lessened.

CAV is a progressive process involving the epicardial as well as microvascular systems. The 

changes in physiology and anatomy over time in these two compartments are poorly defined 

and changes in one may significantly impact assessment of the other. The standard technique 

for detecting epicardial CAV is IVUS, which has been shown to be more sensitive than 

angiography and to be predictive of long-term adverse outcome.8-10 IVUS is limited 

however by the fact that it provides anatomic information, only, and does not interrogate the 

microvasculature.
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The standard technique for evaluating coronary physiology in HT recipients has been to use 

a Doppler wire to measure CFR.11 CFR interrogates the entire coronary circulation and is 

unable to distinguish abnormal epicardial physiology from microvascular physiology.12 

Additionally, CFR is limited by poor reproducibility. 13,14 These factors may explain why 

some previous studies have shown a significant decrease in CFR over time after HT15, and 

others a significant increase.16

FFR is an index which provides information about the degree to which epicardial artery 

disease is affecting myocardial perfusion.17 It is unique compared to CFR in that it is 

specific for the epicardial artery and is extremely reproducible.13,14,18 FFR has been well-

validated in the non-HT population, but not well-studied in HT recipients. We have 

previously published a study evaluating FFR at a single time point in HT recipients, 

predominantly early after HT, and found a strong correlation between FFR and the IVUS-

determined epicardial % plaque volume.7

IMR is a new index that we recently proposed as a method for interrogating the status of the 

coronary microcirculation, independent of the epicardial artery.1-3 We have found that it 

correlates well with an accepted experimental technique for determining microvascular 

resistance1 and that it is more reproducible than CFR.14 The ability to assess easily and 

accurately both the epicardial artery and the microvasculature simultaneously by measuring 

FFR and IMR with a single wire is a potential advantage over the standard methods of using 

IVUS and a Doppler velocity wire.

In this study we found that early after HT (<2 years) there was a significant inverse 

correlation between epicardial artery physiology as measured with FFR and epicardial artery 

anatomy as measured with IVUS. During the first year after HT, FFR decreased significantly 

while plaque volume increased significantly. On average, the minimum achievable 

microvascular resistance, as measured with IMR, was low early (during the first 2 years) 

after HT compared to later. Because of the low microvascular resistance, the peak epicardial 

flow, as estimated by the hyperemic mean transit time, was higher (shorter hyperemic mean 

transit time). The higher flow results in a greater pressure gradient (lower distal pressure and 

FFR) across an epicardial stenosis and likely explains the strong correlation between FFR 

and IVUS findings.

Later after HT (≥2 years) IMR increased, suggesting that CAV involves the microvasculature 

later than it does the epicardial artery. Changes in myogenic tone that occur in the 

microvasculature after HT and may initially lower resistance could result in microvascular 

edema which eventually leads to increased resistance.19 During the later time periods (2 

years post HT to >5 years post HT), there was little change in plaque volume and a more 

significant late decrease in vessel volume. FFR gradually increased during this time, 

coinciding with the increase in IMR (Table 3).

A major limitation of this study is the lack of serial analyses meaning that late patients may 

not be well matched with early patients. For example, in a subset of patients in this study in 

which IMR was measured at the time of HT and then 1 year later, we have previously 

reported that IMR was significantly higher at baseline, presumably due to the effects of 
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donor heart ischemia and/or early recipient immunologic effects.20 We also found in a group 

with IVUS evaluation at baseline and 1 year after HT that negative remodeling played a 

more prominent role in lumen loss early after HT than seen in this study.21 Likely the 

changes in coronary physiology are not universal, but recipients with certain clinical 

characteristics may be more or less susceptible. Because of the lack of long-term serial data, 

we could not do subgroup analyses. Long-term follow-up of matched patients will be crucial 

to confirm the findings in this study. In addition, this study did not include consecutive 

patients and was a retrospective analysis; some patients were excluded because of medical 

conditions, such as elevated creatinine, and others for logistic reasons. Finally, determining 

the prognostic importance of these physiologic measurements and volumetric IVUS findings 

will be critical.
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Figure 1. 
Example of FFR, CFR and IMR Measurement

In this example of a patient one year out from HT, the FFR in the left anterior descending 

artery is very abnormal at 0.77 (distal pressure, 58 mmHg divided by aortic pressure, 

76mmHg), despite an angiographically normal appearing vessel. IVUS revealed moderate 

diffuse intimal thickening with a % plaque volume of 33%. CFR is calculated by dividing 

the resting mean transit time (0.55 seconds) by the hyperemic mean transit time (0.13 

seconds), both of which are derived from averaging 3 transit times calculated from the 

thermodilution curves created by saline injection. The CFR is 4.3 which would usually be 

considered normal, but the low FFR suggests that the normal CFR in this patient was likely 

once higher. IMR is calculated as described in the figure by multiplying the hyperemic distal 

pressure (58 mmHg) by the hyperemic mean transit time (0.13 seconds) and was very low at 

8 units, suggesting normal microvascular function.
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Figure 2. 
Change in FFR based on Time from Transplantation
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Table 1

Clinical Characteristics

Characteristic (n=92)

Donor Age (years) 34 ± 13

Recipient Age (years) 53 ± 11

Recipient Gender Male 79%

Pre-Transplant Hypertension 14%

Pre-Transplant Diabetes 13%

Pre-Transplant Smoking 19%

Ischemic Time (minutes) 208 ± 51

Ischemic Cardiomyopathy 57%

Recipient Cytomegalovirus Positive 65%

Cytomegalovirus Mismatch (D+/R-) 12%
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Table 3

Relationship Between IMR, FFR and IVUS Results

Variable IMR ≤ 20 (n=67) 20 < IMR < 40 (n=50) IMR ≥40 (n=34)

% Plaque Volume 21.0±11% 20.8±11% 20.5±11%

Maximum % Cross Sectional 38.9±18% 39.4±18% 40.4±19%

Narrowing FFR 0.86±0.06* 0.87±0.07 0.90±0.06*

*
P=0.0035
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