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Abstract: Background: Coronary blood flow (CBF) is essential for optimal cardiac performance
and to maintain myocardial viability. There is considerable ambiguity concerning CBF in hyperten-
sion.

Objective: To investigate the relationship between CBF and left ventricular (LV) mass in persons
with hypertension.

Methods: OvidSP Medline was systematically searched. Eligible articles assessed CBF, and LV
mass in adults with and without hypertension (HTN).

Results: Eleven studies met the entry criteria. All 8 studies reported an increase in CBF (ml/min) for
persons with hypertension (N=212) compared to individuals without hypertension (N=150). Meta-
analysis showed a significant and 2.88 fold higher CBP in hypertension. Six studies adjusted CBF for
LV mass; of which 4 studies reported a reduction in CBF. Meta-analysis showed a significant de-
crease in CBF/g LV mass in hypertension. The two studies that did not show a decrease in CBF, used
the argon chromatographic method to measure coronary sinus blood flow suggesting this methodol-
ogy may have influenced the results. Using the mean CBF in normotensive group to construct the
expected CBF according to L'V mass, reported CBF in HTN was progressively less than expected In
two studies, (N=142), there was a significant inverse correlation between LV mass and CBF/ g LV
mass. Multivariate analysis (three studies) consistently found a highly significant independent rela-
tionship between LV mass and CBF after considering age, sex, heart rate and several other factors.
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Conclusion: Hypertension is associated with a reduction in CBF adjusted for LV mass with a highly
significant inverse association between CBF and L'V mass. Clinicians should be aware that patients
with hypertension are at greater risk for myocardial ischemia should develop other factors that limit
CBF or myocardial oxygen delivery.
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1. INTRODUCTION [6-8]. Some investigators propose that the hypertrophied left
ventricle outstrips the capacity of the vasculature to meet the
(metabolic) demands of the increased LV mass either at the
level of the epicardial coronary vessels [7] or the capillaries
[6]. Others contend that coronary blood flow is not meaning-
fully altered once coronary blood flow is adjusted for the
increase in LV mass [8]. The opinions have been conflicting
for several reasons including the reliance on studies in ani-
mals compared to humans; different measurement techniques
to assess coronary blood flow and different modes of adjust-
ing for the effect of left ventricular mass. The relationship
between left ventricular mass and resting coronary blood
flow in humans has not been systematically evaluated. The

An increase in left ventricular mass as a consequence of
hypertension is well recognized as an important adverse con-
sequence of hypertension and is an indicator of an increased
risk of cardiovascular morbidity and mortality over and
above the blood pressure level [1, 2]. A number of factors
have been implicated to explain the poor adverse outcome of
persons with hypertension-induced increases in left ventricu-
lar (LV) mass. These include the increased probability of
serious ventricular arrhythmias [3] and an increased propen-
sity to myocardial ischemia or infarction [4, 5]. The possibil-
ity that LV mass is associated with a relative insufficient

coronary blood flow has been debated for many years
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objective of this study is to examine the data on coronary
blood flow (CBF) in patients with hypertension in relation to
LV mass. In addition the relationship between LV mass and
CBF was examined taking into consideration other potential
determinants of the relationship.

© 2017 Bentham Science Publishers
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2. METHODS

2.1. Search Strategy

A systematic search was conducted to identify studies
that examined the relationship between coronary blood flow
and left ventricular mass or left ventricular hypertrophy us-
ing a standardized approach [9]. The Medline database was
searched using the OvidSP platforms. The full electronic
search strategy used in PubMed Medline was “coronary
blood flow” AND “left ventricular hypertrophy or left ven-
tricular mass" limited to humans. The last date of search was
December 31, 2015.

2.2. Eligibility Criteria

Studies that met the following criteria were included: (i)
an original study published in a peer-review journal, (ii)
measured coronary blood flow (iii) assessed left ventricular
mass (iii) adjusted left ventricular mass for body size i.e.
body surface area (iv) adults with hypertension (v) compari-
son of coronary blood flow in hypertension and non-
hypertensive individuals or examined the relationship be-
tween CBF and LV mass. The exclusion criteria were non-
English studies, abstracts from unpublished studies, reviews,
case reports or letters.

2.3. Data Extraction

From each eligible study, patient characteristics — age
and sex, method of measurement of coronary blood flow and
left ventricular mass were systematically recorded.

2.4. Statistical Analysis

Meta-analyses of the aggregate patient data were con-
ducted using the Comprehensive Meta-analysis Version 2
(Biostat, Englewood, New Jersey, USA). From each entry,
the study name, sample size, mean value and standard devia-

69 records identified
Through data base search
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tion, correlation coefficient and direction of correlation were
entered. Because of the variation between studies in partici-
pant characteristics and methods of CBF measurement be-
tween studies, Fischer’s z transformation was used to com-
pare the data in each study [10]. To assess heterogeneity, the
Cochrane Q statistic, I° statistic and Tau-squared statistic
were calculated. Statistical significance was set as p <0.05.

3. RESULTS

Eleven studies were identified that met the entry criteria
(Fig. 1). The methodology used to measure coronary blood
flow, left ventricular mass, age and sex of the study popula-
tions with and without hypertension are summarized in Table
1. Most of the studies used the case control approach while
one study examined the relationship between CBF and LV
mass but did not examine individuals with hypertension
separately.

Eight studies presented data on coronary blood flow in
ml/min for persons with hypertension compared to individu-
als without hypertension (Fig. 2a). There were 362 individu-
als of whom 212 had hypertension. In each of the studies,
mean CBF was increased in those with hypertension. The
absolute value of CBF varied because some studies meas-
ured total myocardial blood flow [11, 12] while others meas-
ured CBF in a single coronary artery [13-16]. In addition,
techniques for CBF measurement varied widely. Studies
using the same technique, specifically total myocardial up-
take of thallium were consistent and demonstrated the high-
est CBF which was a measurement of total myocardial blood
flow [11, 12]. Meta-analysis found a significantly (p<0.001)
greater CBF in persons with hypertension (Fig. 2b). There
was however, significant heterogeneity between studies.
Four of the studies showed a significant increase in coronary
blood flow and in one other study it was of borderline sig-
nificance. In three studies the increase in CBF in hyperten-
sive individuals was not significant.

Flow diagram for study selection

22 Reviews, pediatric population or animal study

Abstracts reviewed

Valvular heart disease or cardiomyopathy

7 Records not relevant

39 full text articles
assessed for eligibility

30 Excluded after review because CBF not measured,
not in comparable units or related to LV mass or no

HNT group

2 additional records
through reference review

11 studies included in review

Fig. (1). Shows the flow diagram for study review and selection.
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Coronary blood flow in hypertension compared to controls
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Fig. (2a). Shows the mean values for coronary blood flow for persons with and without hypertension in studies that measured coronary blood

flow in persons with hypertension and a control non-hypertensive group.

Coronary blood flow (ml/min) in hypertension

Study name Statistics for each study
Std diff  Standard
in means error Z-Value p-Value

Takechi et al 2003 2.997 0.579 5.176  0.000
Misawa et al 2002 1.140 0.461 2471 0.013
Sasaki et al 2000 0.460 0.251 1.833 0.067
Hamasaki et al 2000 0.506 0.198 2.560 0.010
Hamada et al 1998 0.130 0.293 0.444 0.657
Wallbridge & Cobbe 1996 0.597 0.529 1.129 0.259
Polese et al 1991 1.292 0.461 2.803 0.005
Nicholest al 1980 0.150 0.413 0.364 0.716

0.603 0.116  5.217 0.000

Std diff in means and 95% ClI

Relative

weight
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Fig. (2b). Shows the meta-analysis with standard difference of the means mean values for coronary blood flow for persons with hypertension

compared to persons without hypertension.

LV mass was 148.7 g/m® in persons with hypertension
compared to 51.6 g/m” in persons without hypertension after
determining a weighted mean from the studies outlined in
Table 1, excluding the one study that presented the data as
g/m*”’. In order to adjust for this increase in LV mass in hy-
pertension, studies were examined that provided LV mass
data and presented CBF per LV mass. Six studies compared
CBF adjusted for LV mass in persons with hypertension
(N=212) compared to a normotensive control group (N=78).
In four of the six studies, adjusted CBF was lower in persons
with hypertension compared to those without hypertension
[11-13, 17] (Fig. 3a). Meta-analysis showed a significant
reduction in CBF adjusted for LV mass. Four studies had a
significantly lower CBF, one showed no change [18] and one
showed an increase in CBF [19] (Fig. 3b). Sasaki et al. and
Hamada et al. used the indicator fractionation principle, and
calculated CBF on the basis of the ratio of myocardial up-
take/total injected dose of thallium-201 [11, 12]. Nichols et
al. measured CBF by clearance of xenon-133 from the left

ventricular myocardium after its injected into the left main
coronary artery [17]. They found a reduction in CBF/100g
LV mass with hypertension. Wallbridge and Cobbe used a
Doppler flow probe in left main coronary artery and reported
a reduction in CBF in hypertension [13]. Interestingly the
two studies that did not show a decrease in CBF, used the
argon chromatographic method to measure coronary sinus
blood flow [18, 19]. Considering all studies, there was a sig-
nificant difference in CBF but there was marked heterogene-
ity between studies with Q = 187.3 and I* = 97.3. Removal
of the two studies using the argon method because of con-
cerns about the accuracy of this method [20, 21], would
mean that all of the studies showed a significant reduction in
CBF (ml/min/100 g).

To further examine this relationship, the observed and
expected CBF according to LV mass was calculated from
studies that presented the LV mass in control and hyperten-
sive groups [11-13, 17, 18]. The weighted mean of CBF in
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Table 1.  Shows the nature of the studies.
Control HTN
Blood FI -
Author Coronlz:':fm D(:I(;thogrl'ongleasure N % men Age (yrs) LV mass N % men | Age (yrs) LV mass
y
Strauer ef al. 1979 Argon gas with catheter in the coro- 12 na na 71 g/m2 63 na na na
nary sinus
Nichols et al. 1980 Xenon-133 washout 9 33 50 76 g/m’ 17 41 46 119 g/m®
Th diluti ith catheter i
Polese et al. 1991 ermodiiution with catheter in 9 100 51 N4gm® | 15 100 51 151 g/m2
coronary sinus
Hamada et al. 1998 Myocardial uptake of thallium-201 14 71 45 89 g/m’ 40 68 na 154 g/m®
Wallbridge & Cobbe Doppler flow probe in left main g 63 46 106 g/m’ 7 57 52 209 gfm’
1996 coronary artery
Hamasaki ef al. 2000 Doppler flow probe in LAD 68 44 50 na 43 30 54 148 g/m?
Sasaki et al. 2000 Myocardial uptake of thallium-201 22 64 57 89 g/m’ 62 65 54 135 g/m®
Misawa et al. 2002 |Doppler flow probe in LAD or LCX| 10 70 51 104 g/m* 12 58 58 163 g/m®
A ith catheter in th -
Schafer er al. 2002 | 8O 838 W caliciet it e coro=) -y 5 77 55 44gm® | 23 52 60 58 g/m?’
nary sinus
Takechi et al. 2003 Doppler flow probe in LAD 10 na 62 94 g/m® 16 na 60 183 g/m?
a-Picci tal.
Cusma 21;?:“ era Doppler flow probe in LAD 88 55 51 100gm? | 45 | ... | ...
LAD is left anterior descending coronary artery LV mass —
left ventricular mass
LCX left circumflex coronary artery
na is not available or able to be extracted from the paper
yrs — years

the control group was 139.7 ml/min/100 g LV mass. A body
surface area of 1.8 was selected for illustration. Predicted
CBEF for the hypertensive group was calculated by multiply-
ing the average CBF in the control group by the mean left
ventricular mass in each of the studies that presented these
data in their hypertensive group. The actual mean CBF was
markedly lower than the predicted CBF for each of the stud-
ies that contained these data except for that of Schafer et al.
[18] (Fig. 4). A likely explanation is that the mean LV mass
was not meaningfully increased in the group with hyperten-
sion in that study [18].

The correlation of LV mass and CBF was examined.
There were two studies that presented these data and they
had a combined sample size of 142 individuals (Fig. 5).
Hamada et al. studied 54 individuals of whom 74% had hy-
pertension and found a significant inverse correlation be-
tween LV mass and CBF per g of LV mass [11]. Cusma-
Piccione et al. studied 88 persons with cardiovascular risk
factors, of whom 51% had hypertension but no cardiac dis-
ease and found a significant inverse correlation between
CBF indexed to body surface area, [22]. Taken together the
results show a highly significant inverse association between

CBF and LV mass. The correlations were of similar magni-
tude and there was no significant heterogeneity between the
study outcomes (Q=1.7 Tau’=0.011). Hamada et al. sug-
gested a polynomial fit to the CBF-LV mass relationship but
there were no other studies that examined their data in this
manner to cross validate their approach.

Multivariate analysis of the relationship between LV
mass and CBF while taking into consideration other potential
determinants of the relationship was conducted in three stud-
ies (Table 2). Each of these studies found a highly significant
independent relationship between LV mass and CBF after
considering a variety of other factors [11, 15, 22]. One study
reported that in multiple linear regression analysis, only LV
mass was independently associated with CBF reduction [22].

4. DISCUSSION

This is the first study, to our knowledge, to systemati-
cally analyze the data on coronary blood flow in patients
with hypertension. The study confirms the contention that
coronary blood flow increases with increases in left ventricu-
lar mass. Importantly, it addresses the controversy whether
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Coronary blood flow adjusted by cardiac mass for hypertension
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Fig. (3a). Shows the mean values for coronary blood flow after adjustment for left ventricular mass in studies that presented the data in simi-
lar units i.e. ml/min/100 g LV mass for persons with and without hypertension. For one study Wallbridge and Cobbe the units were presented

as ml/min/g and the number was multiplied by 100.

Coronary blood flow (ml/min100g) in hypertension

Study name Statistics for each study

Std diff Standard

inmeans error Z-Value p-Value
Schafer et al 2002 0.178 0.348 0513  0.608
Sasaki et al 2000 -1.697 0.281 -6.047 0.000
Hamada et al 1998 -1.737 0.353 4.924  0.000
Wallbrindge & Cobbe 1996  -13.333 2489 -5357 0.000
Nichols et al 1980 -1.912 0490 -3.901 0.000
Strauer et al 1979 5.504 0549 10.029 0.000

-0.706 0.165 -4.274  0.000

-10.00 -5.00

Std diff in means and 95% CI

Relative Relative
weight weight
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- 11.35
9.06

¢

0.00 5.00 10.00

Hypertension Normotensive

Fig. (3b). Shows the meta-analysis for coronary blood flow after adjustment for left ventricular mass in four studies that presented the data in
similar units i.e. ml/min/100 g LV mass for persons with and without hypertension. The standard difference in the means, standard error of

the estimate, z value and p value is presented for each study.

Differences between predicted and observed coronary blood
flow in hypertension

500 —{}— Predicted CBF based on normotensives and BSA of 1.8

250+

Coronary blood flow
(ml/min/100g)

Schafer ef g;isak‘ etal § Wallbridge & Cobbe Nichols et af
0 r Il—|amada et alI | ,
0 50 100 150 200 250
2
LV mass (g/n)

Fig. (4). Shows the predicted coronary blood flow based on an in-
dividual with a body surface area of 1.8 m? and was constructed by
multiplying the average CBF in the control group by the mean left
ventricular mass in each of the studies that presented the mean LV
mass in their hypertensive group. The reported mean CBF and SD
are shown for each of the studies. * study with LV mass reported as
g/m?7.

in the resting or unstressed state, an increase in LV mass
from the increased load of hypertension, overcomes the abil-
ity of the coronary vasculature to maintain the balance of the
normal blood flow per unit LV mass. It concludes that coro-
nary blood flow per gram of LV mass is lower in hyperten-
sion. This finding has several implications including the
suggestion that patients with hypertension are at relatively
greater risk for myocardial ischemia should other factors
develop that limit myocardial oxygen supply (marked ane-
mia or hypoxemia) or limit coronary blood flow [23].

An increase in overall CBF in patients with hypertension
was demonstrated in this meta-analysis. The increase in CBF
in hypertension can be attributed to the raised (metabolic)
demands of the myocardium. Resting CBF is primarily de-
termined by myocardial demand which is increased in hyper-
tension because of the increased loading of the left ventricle
from the increased systolic blood pressure [24]. Elevated
blood pressure can increase LV mass even in the absence of
left ventricular hypertrophy [25, 26] thereby accentuating the
heart’s metabolic requirements [27]. The increase in LV
mass even in the absence of left ventricular hypertrophy
maybe explained by the presence of a continuum in hyper-
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Relationship of coronary blood flow to LV mass

Study name Statistics for each study Correlation and 95% CI

Correlation Z-Value p-Value

Cusma-Piccione et al 2014 -0.543 -5.609 0.000
Hamada et al 1998 -0.686  -6.001 0.000 E =
-0.609 -6.166 0.000

-1.00 -050 0.00 050 1.00

Fig. (5). Shows the correlation between coronary blood flow and left ventricular mass in two studies that examined the relationship. The
correlation coefficient, z value and p value is presented for each study.

Table2. Shows the results of the multivariate analysis relating different factors to coronary blood flow.
Cusma-Piccione et al. 2014 Hamada et al. 1998 Misawa et al. 2002
LV mass (g/m?) p=0.008 p=0.0002 p<0.001
Carotid arterial stiffness p<0.001 not done not done
Male sex p<0.001 not done ns
Diastolic BP not done p=0.0214 ns
Age ns ns p=0.03
Heart rate ns ns ns
Carotid IMT ns not done not done
Smoking not done not done p=0.08

tension. An increased blood pressure load for defined time
period will increase LV mass to a degree that fulfils criteria
for LVH. Smaller increases in LV mass are likely due to the
smaller elevations in the loading conditions on the left ven-
tricle that are not at the level that would produce sufficient
increases in LV mass to meet criteria for left ventricular hy-
pertrophy.

Coronary blood flow adjusted for LV mass is reduced in
patients with hypertension compared to persons without hy-
pertension. The mean value for CBF in the control group is
consistent with calculations of CBF measured with recent
technology [28]. Instead of finding a threefold increase in
CBF per LV mass in hypertension which is the expected
value considering the 2.9 fold greater LV mass in the hyper-
tensive group, a reduction in CBF was found. Indeed there
was a marked discrepancy between expected and observed
CBF, in patients with hypertension associated increases in
LV mass.

Importantly, multivariate analysis of the relationship be-
tween LV mass and CBF taking into consideration other
potential determinants of the relationship found a highly sig-
nificant independent relationship between LV mass and CBF
after considering age, sex, blood pressure, heart rate and sev-
eral other factors This finding is consistent with the proposal

that hypertension-induced increases in LV mass ‘overcomes’
the ability of the coronary circulation to adequately match
increases in LV mass [7]. This contention has been called
into question but mainly from data in animal models of car-
diac hypertrophy [4]. The relative reduction in coronary
blood flow in hypertension can be attributed to changes, at
several levels, of the coronary vasculature -from the epicar-
dial vessels to the capillaries. The proposal that cardiac hy-
pertrophy is associated with a reduction in capillary density
per myocardial fiber likely antedates its summarization by
Bing in 1951 [6]. Experimental evidence suggests that car-
diac hypertrophy is associated with a relative reduction in
capillary density [29] but this is controversial [30]. Hyper-
tension can induce arteriolar thickening [31], leading to an
increase in vascular resistance. Hypertension may reduce the
number of arterioles in the microvascular beds [32]. The
cross sectional area of the proximal epicardial coronary ar-
teries are insufficient to match increases in LV mass [33].
Another potential explanation for the reduction in CBF is an
alteration in coronary flow dynamics specifically a reduction
in the "suction" wave generated by myocardial microcircula-
tory decompression with increased LV mass [34]. While
CBF reduction may occur from any one of these factors, it is
likely to result from their combination.
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Effects of hypertension-induced increases in LV mass on coronary blood flow (CBF)
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Fig. (6). Shows diagrammatically the blood flow through large epicardial coronary arteries expressed as ml/min and ml/min adjusted for left
ventricular mass. The diagram in the central area shows the relationship between coronary blood flow (CBF) (ml/min/100g) and LV mass
comparing the differences in CBF and LV mass between the hypertensive and normotensive individuals in each of the studies that presented
the data to permit the calculation. LV mass was in g/m? for all studies except Schaffer ef al where it was g/m”’.

A variety of different techniques were used to measure
coronary blood flow in the studies examined. The thermodi-
lution technique confronts the challenges of the anatomic
and physiologic features of the coronary venous circulation
which may not always drain in its entirety to the coronary
sinus and thus adversely impact the accuracy of CBF meas-
urement [20]. The use of the argon gas method confronts the
same problems of variations in venous drainage patterns, the
influence of catheter position as well as respiration which
can affect the accuracy of its CBF measurement [20, 21].
Other factors that influence the argon measurement of CBF
include the effect of non-homogenous myocardial perfusion,
because of myocardial ischemia or fibrosis [20]. Inhomoge-
neity of perfusion is especially relevant in hypertension,
which can leads to increases in myocardial fibrosis [35, 36],
and seriously limits the accuracy of this technique [20, 37].
These concerns about measurement methodology may ex-
plain the heterogeneity of results and justify separate analy-
sis excluding studies using methodologies involving sam-
pling from the coronary sinus. Once the data is analyzed
with this approach, the reduction in coronary blood flow,
standardized for LV mass, with hypertension is even more
apparent.

This meta-analysis has a bearing on the question, which
has been debated for years, of whether myocardial ischemia
can be present in hypertension-induced left ventricular hy-
pertrophy (LVH) in the absence of epicardial coronary athe-
rosclerosis [38]. Clearly if myocardial blood flow is rela-
tively reduced in LVH it is easier to conceptualize the occur-

rence of ischemia during conditions of increased myocardial
demand on the myocardium in conditions such as exercise.
The analysis in the present study provides evidence that the
increase in coronary blood flow does not keep pace with the
increase in LV mass in hypertension indicating a relative
under supply of the myocardium.

Another consideration is the role of myocardial infarction
in the development of systolic heart failure in patients with
hypertension [39]. Patients with hypertension are at in-
creased risk of myocardial infarction [40, 41]. There are data
that myocardial infarction is the key element that mediates
the transition from hypertension-induced increases in LV
mass to hypertension-induced heart failure [39]. While this is
in part due to hypertension-induced coronary atherosclerosis,
it can also be due to the relatively smaller CBF in patients
with hypertension.

CBF occurs mainly in diastole while in systole, CBF is
reduced, approaches zero and can briefly be negative [42].
Systolic inhibition of CBF has been attributed to the forma-
tion of “vascular waterfalls” in systole [43]. Spaan ef al. dis-
agreed with the mechanisms and provided data indicating
that the ‘diastolic-systolic coronary flow differences are
caused by an intramyocardial pump action’ i.e. the increased
myocardial wall tension in systole compresses intramyocar-
dial coronary arteries to impede coronary blood flow [42].
This mechanism, championed by Spaan ef al. is more gener-
ally accepted. Hypertension with increased systolic BP, fur-
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ther compromises CBF through increases intra-myocardial
wall tension.

4.1. Study Limitations

There are several potential limitations of our study that
warrant consideration. Aggregate patient data were collected
rather than individual patient data. As has been pointed out,
the resources, time and international cooperation required for
meta-analysis of individual patient data has made it imprac-
tical for most systematic reviews, as in our case [44]. Sec-
ond, studies published in non-English languages were ex-
cluded. However, excluding non-English studies does not
affect the outcome of most meta-analysis [45-47]. Third,
studies were eliminated if the units were not similar. While
this may have reduced the number of studies, it is the best
approach to accurately combine data with the same units
(ml/min or ml/min/100g). Fourth, there were an insufficient
number of studies that had LVH examined separately with
the appropriate control groups to examine CBF; specifically
groups with hypertension with and without LVH.

5. CONCLUSION

Hypertension is associated with a reduction in coronary
blood flow adjusted for LV mass (Fig. 6). The data are con-
sistent with the concept of a limited ability of the coronary
vasculature to expand to match the increased LV mass with
hypertension. Indeed the discrepancy between CBF in pa-
tients with HTN compared to those without HTN increases
with increasing LV mass. Part of the previous discrepancies
in the literature are due to differences in CBF measurement
methodologies while other discrepancies are likely due to
differences in the degree of hypertension-induced increases
in LV mass. Studies with small or no meaningful increase in
LV mass do not show meaningful changes in CBF. Multi-
variate analysis, found a highly significant independent rela-
tionship between LV mass and CBF after considering age,
sex, blood pressure, heart rate and several other factors.
These data suggest that patients with hypertension are at
relatively greater risk for myocardial ischemia should other
factors develop that limit coronary blood flow [48].
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