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BACKGROUND: Left ventricular hypertrophy (LVH) has often been supposed to be associated with abnormal myocardial blood 
flow and resistance. The aim of this study was to evaluate and quantify the physiological and pathological changes in myocar-
dial blood flow and microcirculatory resistance in patients with and without LVH attributable to severe aortic stenosis.

METHODS AND RESULTS: Absolute coronary blood flow and microvascular resistance were measured using a novel technique 
with continuous thermodilution and infusion of saline. In addition, myocardial mass was assessed with cardiac magnetic 
resonance imaging. Fifty- three patients with aortic valve stenosis were enrolled in the study. In 32 patients with LVH, hyper-
emic blood flow per gram of tissue was significantly decreased compared with 21 patients without LVH (1.26±0.48 versus 
1.66±0.65 mL·min−1·g−1; P=0.018), whereas minimal resistance indexed for left ventricular mass was significantly increased in 
patients with LVH (63 [47– 82] versus 43 [35– 63] Wood Units·kg; P=0.014).

CONCLUSIONS: Patients with LVH attributable to severe aortic stenosis had lower hyperemic blood flow per gram of myocar-
dium and higher minimal myocardial resistance compared with patients without LVH.

Key Words: aortic stenosis ■ cardiac magnetic resonance imaging ■ coronary flow ■ left ventricular hypertrophy  
■ microvascular function ■ thermodilution

Long- standing severe aortic stenosis (AS) often 
causes left ventricular hypertrophy (LVH),1 myo-
cardial fibrosis,2 and exhaustion of coronary flow 

reserve (CFR),3 which are all associated with a poorer 
prognosis.4– 7 The coronary microcirculation under-
goes several anatomical and physiological changes 
in the pressure- overloaded left ventricle. Most nota-
bly, increased systolic extravascular compression,8 
increased left ventricular filling pressure,9 decreased 
diastolic perfusion time,10 capillary rarefaction, perivas-
cular fibrosis,11 and abnormal cardiac- coronary cou-
pling12 all affect myocardial perfusion. Whether LVH 

is an adaptive or maladaptive response to pressure 
overload may depend on the associated changes in 
microvascular function and capacity. Today, it is pos-
sible to study the coronary microcirculation invasively 
by measuring thermodilution- derived CFR,13 absolute 
coronary blood flow, and resistance.14 The aim of the 
present study was to quantify differences in absolute 
myocardial blood flow and microcirculatory resistance 
in patients with and without LVH attributable to severe 
AS and relate these measures to left ventricular mass 
(LVM) assessed with cardiac magnetic resonance im-
aging (CMR) and indexes of AS severity.
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METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Design and Patient Population
This was a cross- sectional observational study in 53 
patients undertaken in 2 centers. Inclusion required 
severe AS and Heart Team referral for either surgical 
aortic valve replacement or transcatheter aortic valve 
implantation. Patients were excluded if they had left 
ventricular ejection fraction <45%, estimated glomeru-
lar filtration rate <30  mL/min per 1.73  m2, moderate 
or severe disease in other heart valves, or contrain-
dications to CMR. Aortic valve area, maximum aortic 
transvalvular blood flow velocity, and mean and peak 
aortic valve gradients were derived from echocardiog-
raphy. Coronary physiology was assessed following 

a diagnostic coronary angiogram performed as part 
of routine workup before aortic valve replacement. 
Patients with focal coronary lesions with diameter 
stenosis >50% were not included in the study. CMR 
to assess myocardial mass was done after coronary 
angiography but before valve replacement. The study 
complied with the Declaration of Helsinki, and the pro-
tocol was approved by the regional ethics committee 
(Videnskabsetisk komite –  Region Hovedstaden). The 
study was conducted at 2 centers (Rigshospitalet and 
Gentofte Hospital, Denmark). All patients provided in-
formed written consent.

Coronary Catheterization
Coronary catheterization was performed via radial or 
femoral access using a 6F sheath and 6F guide cath-
eter. Intravenous heparin (100 IU/kg plus supplemental 
heparin every 30 minutes to achieve an activated clot-
ting time[ACT] of 250– 350 s) and intracoronary nitro-
glycerine (0.2  mg) were given according to standard 
practice. Invasive physiological measurements were 
performed in the left anterior decending artery (LAD) 
in all patients, and in the right coronary artery (RCA) 
in 21 patients, as previously described.13,14 Briefly, a 
sensor- tipped guidewire (PressureWireX; Abbott, MN) 
for combined pressure and temperature measurement 
was used for all arteries. Equalization of wire pressure 
with aortic pressure was done with the pressure sen-
sor at the tip of the guide catheter, and equalization was 
repeated when measurements were done in different 
coronary arteries. At the end of every measurement, 
potential drift was checked (maximum of ±2 mm Hg 
allowed). Data from the guidewire were transmitted 
wirelessly to a computer with dedicated software 
(CoroFlow v.3.01; Coroventis, Uppsala, Sweden).

CFR, Fractional Flow Reserve, and Index 
of Microcirculatory Resistance
The theoretical basis of measuring CFR by ther-
modilution has been described elsewhere.13 Briefly, 
the guidewire was advanced to the distal third of the 
coronary artery. Then, a brisk intracoronary injection 
of 3  mL of room temperature saline was given via 
the guide catheter. Mean transit time (Tmn) of the sa-
line bolus was automatically derived from the gener-
ated thermodilution curves and served as a surrogate 
for flow. Injections were repeated at least 3 times to 
obtain an average resting Tmn. Resting Tmn measure-
ments were separated by a 20-  to 30- second period 
to ensure any saline- induced hyperemic response had 
ended. The software automatically flagged any Tmn de-
viating >30% from the average value, after which they 
were repeated. Then, hyperemia was induced with in-
travenous adenosine infusion at 140 µg/kg per minute. 
During steady- state hyperemia, Tmn was measured 

CLINICAL PERSPECTIVE

What Is New?
• Hyperemic capacity per gram of myocardium is 

significantly lower in patients with severe aortic 
stenosis and left ventricular hypertrophy com-
pared with patients with severe aortic stenosis 
without left ventricular hypertrophy.

• Consequently, minimal microvascular resist-
ance indexed to myocardial mass is significantly 
higher in those with severe aortic stenosis and 
left ventricular hypertrophy.

What Are the Clinical Implications?
• Left ventricular hypertrophy in the context of se-

vere aortic stenosis may represent an additional 
challenge to the coronary microcirculation, pos-
sibly warranting a lower threshold for referral to 
aortic valve replacement.

Nonstandard Abbreviations and Acronyms

AS aortic stenosis
CFR coronary flow reserve
LVM left ventricular mass
LVMi left ventricular mass index
IMR index of microcirculatory resistance
RCA right coronary artery
Rµ absolute hyperemic microvascular 

resistance
Tmn mean transit time
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again with 3 measurements as described. CFR was 
calculated as the ratio between hyperemic and resting 
Tmn. Simultaneously recorded aortic pressure (Pa) and 
distal coronary pressure (Pd) were used to automati-
cally calculate resting Pd/Pa as well as fractional flow 
reserve (FFR) and index of microcirculatory resistance 
(IMR; defined as Tmn∙Pd, both during hyperemia).15

Absolute Coronary Flow and Resistance
Absolute hyperemic coronary flow was measured 
using continuous thermodilution of saline, as previously 
described.14 In short, a specifically designed monorail 
infusion catheter (RayFlow; Hexacath, Paris, France) 
was passed over the guidewire and connected to an 
infusion pump (Angiomat Illumena; Liebel- Flarsheim, 
OH) configured to infuse saline at room temperature 
at a rate of 20  mL/min, thereby inducing maximum 
hyperemia.16 The infusion catheter was positioned in 
the proximal part of the coronary artery, thus measur-
ing blood flow and resistance of the entire myocardial 
territory. The guidewire was positioned with the pres-
sure/temperature sensor 4 to 6 cm distal to the tip of 
the infusion catheter to ensure adequate mixing of sa-
line and blood before reaching the sensor. The guide-
wire temperature reading was zeroed (ie, equaled to 
body temperature) before start of saline infusion. After 
achieving a stable distal mixing temperature (T), the 
sensor was pulled back to the tip of the infusion cath-
eter to record the infusion temperature (Ti) (Figure 1). 
Using the mixing temperature, infusion temperature, 
and infusion rate (Qi), absolute blood flow (Q) was cal-
culated as follows:

The constant 1.08 accounts for differences in specific 
heat capacity of blood and saline.17 Absolute flow in 
mL∙min−1 is referred to as global flow (ie, not indexed to 
myocardial mass). Absolute flow indexed for LVM 
(Qindex) is referred to as regional flow, and was calcu-
lated as follows:

and microvascular resistance (Rµ) as follows:

mm Hg∙min∙L−1 is also known as Wood Units (WU). As 
described elsewhere,18 we calculated minimal microvas-
cular resistance indexed to LVM (Rµ,index) as follows:

Cardiac Magnetic Resonance
CMR was performed on a 1.5- T scanner (Aera; 
Siemens, Erlangen, Germany). Images were ana-
lyzed with dedicated software (CVI42 v5.11.2; Circle 
Cardiovascular Imaging Inc, Calgary, Alberta, 
Canada). Short- axis plane imaging was prepared with 
scout images and electrocardiographic gated breath- 
hold steady- state free- precession images in 2- , 4- , and 
3- chamber views. A standard electrocardiographic- 
triggered balanced steady- state free- precession 
short- axis cine stack consisting of contiguous 10- 
mm slices perpendicular to the septum was used to 
calculate all measures of LVM, volume, and function. 
Endocardial and epicardial contours were traced 
using the automatic tracing function, and all slices 
were reviewed individually for accuracy and adjusted 
when necessary. LVM was measured in end diastole 
and included the papillary muscles. All CMR analyses 
were done blinded to coronary physiological data. 
Body surface area was calculated using the formula 
by Tikuisis.19

Classification of LVH
LVH was defined as LVM/body surface area >74  g/
m2 for women and >87  g/m2 for men.20 In 5 cases, 
CMR was not possible because of logistical reasons 
(n=4) and unrecognized claustrophobia (n=1). In those 
cases, LVM was derived from computed tomogra-
phy and used to determine if LVH was present using 
computed tomography– specific cutoffs for LVM/body 
surface area,21 but not in calculations of mass- indexed 
flow or resistance. Concentricity of myocardial mass 
was estimated as LVM divided by left ventricular end- 
diastolic volume,22 with an upper limit of 0.9 g/mL for 
men and 0.8 g/mL for women.20

Statistical Analysis
Continuous variables are expressed as mean±SD or 
median and interquartile range. Categorical variables 
are expressed as percentages. Group differences in 
continuous data were analyzed with Student t test 
or Mann- Whitney U test. Group differences between 
proportions were assessed with the χ2 test or Fisher 
exact test. Linear correlations were tested with the 
Pearson correlation, or with the Spearman correla-
tion. We compared study metrics between patients 
with AS with and without LVH. Absolute blood flow 
was measured in mL∙min−1, flow indexed to LVM in 
mL∙min−1∙g−1, absolute resistance in WU, and resist-
ance indexed to LVM in WU∙kg. Two- sided P< 0.05 
was considered significant. IBM SPSS Statistics for 
Windows, version 25 (IBM Corp, Armonk, NY) was 
used for statistical analyses, and figures were made in 
GraphPad Prism version 9.0 for Windows (GraphPad 
Software, La Jolla, CA) and BioRender.com.

Q = Qi ⋅
(

Ti∕T
)

⋅ 1.08
[

mL ⋅min−1
]

.

Qindex = Q∕LVM[mL ⋅min−1 ⋅ g−1]

R
�
= Pd∕Q

[

mmHg ⋅min ⋅ L−1
]

R
�,index = R

�
⋅ LVM

[

WU ⋅ kg
]

.
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RESULTS
Successful and uneventful measurements were per-
formed in all patients. Baseline characteristics are 
summarized in Table  1. Left ventricular mass index 
ranged from 53 to 126 g/m2; 32 patients had LVH, and 
21 patients did not. Compared with patients without 
LVH, patients with LVH had significantly worse indexes 
of AS severity and higher plasma pro- brain- natriuretic 
peptide, but not significantly reduced ejection fraction. 
Nearly all patients (96%) showed concentric remode-
ling of the left ventricle. However, patients with LVH had 
higher left ventricular end- diastolic and end- systolic 
volume than patients without LVH.

CFR, FFR, and IMR
All patients had CFR, Pd/Pa, FFR, and IMR measured 
in the LAD (Table 2). Five patients had an FFR <0.80 
(diffuse atherosclerosis), of whom 3 had LVH and 2 did 
not. Median FFR was slightly higher in the LVH group, 
but this was not reflected in the CFR, as both actual and 
FFR corrected CFR values were not different between 

groups (Table 2). Moreover, CFR was not linearly cor-
related with LVM index (LVMi) (r=−0.03; P=0.84) or any 
echocardiographic indexes of AS severity.

Global Hyperemic Flow and Resistance 
and Their Relation to LVH
Patients with LVH had 19% higher global hypere-
mic LAD flow, but the difference was not significant 
(Table  3). However, when LVMi was analyzed as a 
continuous variable, there was a positive linear correla-
tion with global hyperemic LAD flow (r=0.32; P=0.028) 
(similar results with LVMi). After removal of one extreme 
outlier (with a heavily right- dominant system), the cor-
relation was stronger and more significant (r=0.41; 
P=0.004). Likewise, for Rµ,LAD and LVM, r=−0.32 
(P=0.025) and r=−0.41 (P=0.005) without the same ex-
treme outlier. When comparing groups, the correlation 
between Rµ,LAD and LVM was nonexistent in patients 
without LVH, but strong in those with LVH (Figure 2). 
Neither global hyperemic RCA flow nor Rµ,RCA was cor-
related with LVM.

Figure 1. Absolute hyperemic coronary flow measurement in the LAD by continuous thermodilution.
Top traces represent aortic pressure (Pa; red) and distal coronary pressure (Pd; green), recorded simultaneously with coronary 
temperature (blue trace). The x axis represents time in seconds. The guidewire tip is positioned distally in the left anterior decending 
artery (LAD) and the side holes of the infusion catheter in the proximal LAD. Yellow arrow: before start of saline infusion, temperature 
is zeroed (ie, set equal to body temperature). Red arrow: infusion of room temperature saline at 20 mL/min starts and induces steady- 
state hyperemia in the LAD and steady- state decrease in temperature is observed after mixing of saline with blood (*). Green arrow: 
the sensor is pulled back to the tip of the infusion catheter to measure the infusion temperature, close to the tip of the infusion catheter. 
Blue arrow: infusion of saline is stopped, and temperature quickly returns to baseline. FFR indicates fractional flow reserve; and LAD, 
left anterior descending artery.
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Table 1. Baseline Characteristics for All Patients and According to Presence of LVH

Characteristic All (n=53) LVH (n=32) No LVH (n=21) P value

Male sex, n (%) 30 (57) 20 (63) 10 (48) 0.29

Age, y 74±7 74±8 74±7 0.95

BMI, kg/m2 28±5 29±5 28±5 0.54

Comorbidities, n (%)

Diabetes 10 (19) 7 (22) 3 (14) 0.49

Hypercholesterolemia 30 (57) 19 (59) 11 (52) 0.62

Hypertension 40 (75) 26 (81) 14 (67) 0.23

Smoking, n (%)

Never 30 (57) 19 (59) 11 (52)

Previous/active 23 (43) 13 (41) 10 (48) 0.81

Previous MI, n (%)* 2 (4) 2 (6) 0 (0) 0.24

Previous PCI, n (%) 4 (8) 2 (6) 2 (10) 0.66

Symptoms, n (%)

NYHA class II– IV 45 (85) 28 (88) 17 (81) 0.85

CCS 1– 4 21 (40) 10 (31) 11 (52) 0.21

Syncope 3 (6) 3 (9) 0 (0) 0.15

Medication, n (%)

Statin 34 (64) 19 (59) 15 (71) 0.37

β Blocker 14 (28) 7 (22) 8 (38) 0.20

Calcium- channel blocker 15 (28) 11 (34) 4 (19) 0.23

Nitroglycerin 5 (9) 1 (3) 4 (19) 0.052

ARB or ACE inhibitor 27 (51) 16 (50) 11 (52) 0.87

Thiazides 11 (21) 7 (22) 4 (19) 0.80

Loop diuretics 6 (11) 2 (6) 4 (19) 0.15

Aldosterone antagonists 2 (4) 1 (3) 1 (5) 0.76

Biochemistry

Creatinine, µmol/L 76 (67– 94) 80 (70– 98) 73 (60– 88) 0.08

eGFR, mL/min per 1.73 m2 76 (65– 88) 72 (63– 85) 84 (70– 90) 0.047

Pro- BNP, pmol/L 42 (22– 135) 91 (30– 216) 26 (12– 70) 0.002

Hemoglobin, mmol/L 8.5±1.2 8.5±1.2 8.4±1.2 0.60

Echocardiography

AVA, cm2 0.74±0.20 0.70±0.22 0.80±0.15 0.07

AVAi, cm2/m2 0.37±0.09 0.35±0.11 0.40±0.06 0.04

MG, mm Hg 54±14 57±14 49±13 0.03

PG, mm Hg 86±22 92±21 78±22 0.03

AV Vmax, m/s 4.61±0.59 4.75±0.56 4.39±0.56 0.03

BAV, n (%) 12 (23) 7 (22) 5 (24) 0.87

Cardiac magnetic resonance†

LVEF, % 68±11 65±12 71±7 0.09

LVEDVi, mL/ m2 74±16 80±16 66±10 0.001

LVESVi, mL/ m2 25±12 29±14 20±7 0.004

SVi, mL/ m2 49±9 51±10 47±8 0.09

Concentricity, g/mL 1.22±0.33 1.34±0.38 1.06±0.16 0.001

LVM, g 177±49 206±38 138±34 - 

LVMi, g/m2 88±21 103±15 69±10 - 

Data are presented as number (percentage), mean±SD, or median (interquartile range). ACE indicates angiotensin- converting enzyme; ARB, angiotensin II 
receptor blocker; AV, aortic valve; AVA, AV area; AVAi, AVA indexed to body surface area; BAV, bicuspid aortic valve; BMI, body mass index; CCS, Canadian 
Cardiovascular Society angina score; eGFR, estimated glomerular filtration rate; LVEDVi, left ventricular end- diastolic volume indexed to body surface area; 
LVEF, left ventricular ejection fraction; LVESVi, left ventricular end- systolic volume indexed to body surface area; LVH, left ventricular hypertrophy; LVM, 
left ventricular mass; LVMi, LVM indexed to body surface area; MG, mean aortic valve pressure gradient; MI, myocardial infarction; NYHA, New York Heart 
Association; PCI, percutaneous coronary intervention; PG, peak aortic valve pressure gradient; Pro- BNP, pro- brain- natriuretic peptide; SVi, stroke volume 
indexed to body surface area; and Vmax, peak velocity.

*All patients with previous MI had their MI >12 months before enrollment in this study.
†Data represent only patients with cardiac magnetic resonance data, n=27 with LVH and n=21 without LVH.
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Regional Hyperemic Flow and Resistance 
and Their Relation to LVH
Hyperemic LAD flow indexed to LVM was significantly 
lower in patients with LVH versus patients without LVH 
(1.26±0.48 versus 1.66±0.65 mL∙min−1∙g−1, respectively; 
P=0.018), whereas hyperemic microvascular resist-
ance indexed to LVM was significantly higher (63 [47– 
82] versus 43 [35– 63] WU∙kg, respectively; P=0.017) 
(Table 3 and Figure 3). Consequently, both LAD flow 
per gram and mass- indexed minimal resistance were 
correlated with left ventricular mass index (Figure 4). To 
investigate heterogeneity between different territories, 
similar measurements were also done in the RCA in 
21 patients showing the same pattern as in the LAD 
(Table 3 and Figures 3 and 4).

DISCUSSION
The most important findings are that hyperemic blood 
flow per gram of myocardium was severely reduced 
in patients with AS with LVH compared with patients 

with AS without LVH, and that myocardial resistance 
accordingly was significantly increased. These findings 
are important in terms of understanding the patho-
physiology of the coronary microcirculation in LVH 
in severe AS, and the impact of varying degrees of 
myocardial adaptation to AS on microvascular func-
tion. Several studies have reported data on coronary 
hemodynamics in patients with AS, but without relat-
ing findings to myocardial mass.23– 29 As such, previous 
work on the differences in mass- indexed flow between 
hypertrophic and nonhypertrophic patients with AS is 
scarce. Carpeggiani et al used positron emission to-
mography and were thus able to report myocardial 
flow per gram.30 However, all 15 patients in the cohort 
had LVH. Rajappan et al also used positron emission 
tomography in 22 patients, 7 of whom did not have 
LVH,10 but the study focused on longitudinal changes 
following valve replacement, without comparing hy-
pertrophic versus nonhypertrophic patients.10 More re-
cently, Gutiérrez- Barrios et al reported a surrogate for 
flow— thermodilution- derived transit mean time— in 36 
patients, and related it to myocardial mass estimated 

Table 2. Invasive Coronary Measurements in the LAD

Variable
LAD, all
(n=53)

LAD, LVH
(n=32)

LAD, no LVH
(n=21) P value

Pd, rest, mm Hg 76±14 77±14 75±13 0.58

Pa, rest, mm Hg 83±13 83±13 82±12 0.78

Pd/Pa, rest 0.93 (0.91– 0.95) 0.93 (0.90– 0.96) 0.93 (0.91– 0.94) 0.30

Pd, hyperemia, mm Hg 67±15 68±13 66±16 0.52

Pa, hyperemia, mm Hg 76±14 76±13 75±16 0.80

FFR 0.90 (0.87– 0.93) 0.91 (0.88– 0.94) 0.87 (0.87– 0.91) 0.04

Average resting Tmn, s 0.51±0.32 0.43±0.23 0.63±0.41 0.054

Average hyperemic Tmn, s 0.21±0.12 0.19±0.12 0.24±0.12 0.18

CFR 2.5 (1.5– 3.6) 2.2 (1.5– 3.2) 2.7 (1.5– 3.9) 0.52

CFR corrected for FFR 2.9 (1.7– 3.9) 2.5 (1.7– 3.3) 3.1 (1.8– 4.5) 0.37

IMR, mm Hg∙s 13±8 13±8 15±7 0.37

Data are presented as mean±SD or median (interquartile range). CFR indicates coronary flow reserve; FFR, fractional flow reserve; IMR, index of 
microcirculatory resistance; LAD, left anterior decending artery; LVH, left ventricular hypertrophy; Pa, aortic blood pressure; Pd, distal coronary blood pressure; 
and Tmn, mean transit time.

Table 3. Continuous Thermodilution- Derived Absolute and Mass- Index Hyperemic Flow and Resistance in the LAD and 
RCA

Variable
LAD, all
(n=53)

LAD, LVH
(n=32)

LAD, no LVH
(n=21) P value

RCA, all
(n=21)

RCA, LVH
(n=13)

RCA, no LVH
(n=8) P value

Q, mL∙min−1 242±100 259±115 216±67 0.13 249±109 239±109 266±116 0.60

Qindex, mL∙min−1∙g−1 1.43±0.59* 1.26±0.48† 1.66±0.65 0.018 1.50±0.70 1.18±0.55 2.02±0.61 0.004

Rµ, WU 328 (228– 428) 326 (223– 425) 348 (252– 459) 0.50 319 (251– 482) 387 (227– 530) 319 (279– 368) 0.60

Rµ,index WU∙kg 57 (41– 74) 63 (47– 82)† 43 (35– 63) 0.014 49 (40– 91) 77 (46– 118) 40 (35– 43) 0.003

Data are presented as mean±SD or median (interquartile range). LAD indicates left anterior decending artery; LVH, left ventricular hypertrophy; Q, absolute 
hyperemic flow; Qindex, hyperemic flow per gram of left ventricular mass; RCA, right coronary artery; Rµ, minimal microvascular resistance in WU; Rµ,index, minimal 
microvascular resistance indexed to left ventricular mass (see Methods section for details); WU, Wood Units.

*n=48 (5 patients did not undergo cardiac magnetic resonance imaging to assess myocardial mass).
†n=27 (5 patients did not undergo cardiac magnetic resonance imaging to assess myocardial mass).
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with echocardiography.31 However, this is the first 
study to invasively characterize absolute coronary flow 
and resistance in patients with and without LVH and 
relate it to myocardial mass assessed with CMR.

The results of this study are most appropriately ana-
lyzed from 2 vantage points: that of regional and global 
flow (ie, mass indexed) and total nonindexed flow.

Global Flow
Although hyperemic global LAD flow was not different 
between groups, there was a significant positive corre-
lation with LVMi, suggesting that global hyperemic flow 
does increase progressively with LVM. This is likely fa-
cilitated by a decreased global minimal microvascular 
resistance, as evidenced by the correlation between Rµ 
and LVM, which was only present in patients with LVH 
(ie, those with large LVM). However, this seemingly in-
creased hyperemic flow did not manifest in an increased 
CFR compared with nonhypertrophic patients. In addi-
tion, there was no correlation between CFR and LVMi. 
An explanation for this is that the expected effects of a 
higher hyperemic flow on CFR may be diminished by a 
concomitantly increased global resting flow in the LVH 
group, attributable to more extensive AS severity. We 
did not measure resting flow directly in this study, but 
resting transit mean time in the LAD was 32% shorter in 
the LVH group, with the difference being borderline sig-
nificant. If real, this difference may explain the compara-
ble CFR values between groups, despite the difference 
in AS severity disadvantaging the LVH group (Figure 5). 
Moreover, like others, we found no correlation between 
CFR and LVMi,30,32– 35 although Gutiérrez- Barrios et al 
have contested this finding.31

Regional Flow
It seems reasonable to assume that absolute hyper-
emic capacity ought to increase in proportion to myo-
cardial mass, such that flow per gram of myocardium 
is kept constant. However, this was not the case, as 
hyperemic LAD flow per gram of myocardium was 
24% lower, and resistance 47% higher, in patients with 
LVH compared with patients without LVH, and in the 

Figure 2. Correlation between absolute minimal micro -
vascular resistance in the left anterior decending artery (LAD) 
and left ventricular mass (LVM) in patients with vs without left 
ventricular hypertrophy (LVH).
In patients without LVH, there was no correlation between 
absolute minimal microvascular resistance (Rµ,LAD) and LVM. In 
contrast, patients with LVH showed a clear negative correlation. 
Data are shown with omission of one extreme outlier in the LVH 
group. When included, r=−0.50 (P=0.008). LAD indicates left 
anterior descending artery; and WU, Wood Units.

Figure 3. Mass- indexed hyperemic coronary blood flow and minimal microvascular resistance 
in the LAD and right coronary artery (RCA), according to left ventricular hypertrophy (LVH) status.
Left: Hyperemic coronary blood flow in the left anterior decending artery (LAD) and right coronary artery 
(RCA) indexed to left ventricular mass (LVM) (Qindex). Data show mean±SD for patients with LVH vs patients 
without LVH. Right: Minimal microvascular resistance (in Wood Units [WU], mm Hg∙min∙L−1) indexed to LVM 
(Rµ,index) in the LAD and RCA for patients with LVH vs no LVH. Data show median and interquartile range.
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RCA these differences were even more pronounced. 
The failure of hypertrophic patients to match hyper-
emic flow per gram with that of patients without LVH 
indicates that the adaptive decrease in global minimal 
microvascular resistance described above is simply in-
adequate in terms of increasing global flow sufficiently. 
In other words, adaptive changes fail to normalize re-
gional perfusion. This does not necessarily indicate 
microvascular dysfunction per se, but may simply be a 
consequence of decreased capillary density, as dem-
onstrated in animal models of pressure and volume 
overload.36,37

Compared with controls, patients with severe AS 
have higher resting global flow,31,32 the reason com-
monly referred to when explaining the generally low 
CFR in patients with AS. In this study, we have shown 
that in patients with severe AS and LVH, reduced re-
gional hyperemic capacity also plays a role as it ex-
poses the failure of adapting global flow to maintain 
a normal CFR. Thus, LVH in the context of severe AS 
may be considered as an additional challenge for an 
already stressed coronary microcirculation. The clinical 
implication of this may be that the threshold for Heart 
Team referral should be lower for patients with severe 
AS and LVH compared with patients with AS alone, 
as the former likely have reached the limit of vascular 
compensation for their AS.

Indexes of Microvascular Function
As global indexes of microvascular function, both CFR 
and IMR were not significantly different between pa-
tients with and without LVH. IMR is defined as the 
product of hyperemic distal coronary pressure and 
hyperemic mean transit time, both indexes not neces-
sarily influenced by the presence of LVH. In contrast, 
Rµ,index was significantly increased in patients with LVH.

Limitations
Although the sample size in this exploratory study 
was limited, it is the largest study of this type to date 
in patients with AS.10,23– 32 Because of the extensive 
measurement protocol, we performed additional 
measurements in the RCA in only 21 of the 53 patients. 
Moreover, our data only refer to LVH in the context of se-
vere AS in patients referred for transcatheter or surgical 
valve replacement. Our data cannot be extrapolated 
to other causes of LVH. Another important limitation is 
that mass- indexed flow does not reflect true tissue per-
fusion as LVM was used instead of the vessel- specific 
territory. However, in this context, group differences 
are more informative than the absolute values of tissue 
perfusion. Finally, we did not measure resting coronary 
blood flow and resting resistance as the method for 
resting indexes with continuous thermodilution was 

Figure 4. Relationship between myocardial mass, coronary blood flow, and minimal microvascular 
resistance in the left anterior descending artery (LAD) and right coronary artery (RCA).
Left: Correlation between hyperemic blood flow per gram of myocardium (Qindex) and left ventricular 
mass index (LVMi), showing decreasing hyperemic capacity with increasing severity of left ventricular 
hypertrophy. Data shown for the left anterior decending artery (LAD) and right coronary artery (RCA). 
Right: Correlation between minimal microvascular resistance (in Wood Units [WU], mm  Hg∙min∙L−1) 
indexed to left ventricular mass (Rµ,index), showing increased resistance with increasing LVMi. Data shown 
for LAD and RCA.
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not available at the time when study data were col-
lected. In the meantime, it has been shown that resting 
blood flow and baseline myocardial resistance can be 
measured using the same method used in this study,38 
thus allowing calculation of microvascular resistance 
reserve, a recently introduced index synthesizing mi-
crovascular measures irrespective of the extent of 
the myocardial territory, epicardial abnormalities, or 
hemodynamics.38,39

CONCLUSIONS
Hyperemic blood flow per gram of myocardium is sig-
nificantly reduced in patients with severe LVH compared 

with nonhypertrophic patients with AS, and minimal 
myocardial resistance is significantly increased, sug-
gesting abnormal structure of the coronary microcircu-
lation. Mass- indexed microvascular resistance detects 
these pathological changes better than CFR or IMR.
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Figure 5. Dynamic changes in coronary flow reserve (CFR) in severe aortic stenosis (AS).
Illustration of the continuum (left to right) going from a normal state to severe AS, and finally to severe AS with left ventricular 
hypertrophy. In the normal state, the difference between global resting and hyperemic flow (Qrest and Qhyperemia, respectively) ensures 
a normal CFR. When AS develops, resting flow increases with no change in hyperemic flow, thus leading to a decrease in CFR. When 
the myocardium hypertrophies, so does resting flow and CFR declines further. However, the further decline in CFR is attenuated by a 
concomitant increase in global hyperemic flow.
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