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Index of microcirculatory resistance: state-of-the-art and potential
applications in computational simulation of coronary artery disease
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Abstract: The dysfunction of coronary microcirculation is an important cause of coronary artery disease (CAD). The index of
microcirculatory resistance (IMR) is a quantitative evaluation of coronary microcirculatory function, which provides a
significant reference for the prediction, diagnosis, treatment, and prognosis of CAD. IMR also plays a key role in investigating
the interaction between epicardial and microcirculatory dysfunctions, and is closely associated with coronary hemodynamic
parameters such as flow rate, distal coronary pressure, and aortic pressure, which have been widely applied in computational
studies of CAD. However, there is currently a lack of consensus across studies on the normal and pathological ranges of IMR.
The relationships between IMR and coronary hemodynamic parameters have not been accurately quantified, which limits the
application of IMR in computational CAD studies. In this paper, we discuss the research gaps between IMR and its potential
applications in the computational simulation of CAD. Computational simulation based on the combination of IMR and other
hemodynamic parameters is a promising technology to improve the diagnosis and guide clinical trials of CAD.
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1 Introduction (Fearon et al., 2003). Currently, IMR is regarded as
the gold standard for evaluating coronary microcircu-
latory dysfunction (i.e., microvascular dysfunctions)

(Fearon and Kobayashi, 2017). In vivo measurement

1.1 Index of microcirculatory resistance (IMR):
definition and measurement methods

In coronary circulation, over 90% of the total flow
resistance originates from the pre-arterioles (vessels
200—-500 um in diameter), arterioles (vessels <200 pm
in diameter), and capillaries (vessels 5—10 pm in
diameter) in the microvasculature system. Microcir-
culatory resistance (i.e., microvascular resistance)
plays an important role in regulating coronary flow
conductance and the balance between oxygen supply
and nutrient demand (Patel and Fisher, 2010; Herrmann
et al., 2012).

The IMR has been proposed as a simple and
effective parameter to evaluate coronary microcirculation
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of IMR is achieved invasively by using an intravascular
guide wire. A guide catheter is inserted through the
coronary orifice, and then the pressure and temperature
are measured by an extending guide wire. In a state of
maximal hyperemia induced by adenosine or papave-
rine, room-temperature saline is injected into the
coronary artery three times consecutively to obtain
reproducible and consistent thermodilution curves
(Fig. 1b), from which the mean transit time (7,,)
is calculated. The distal coronary pressure (P,) is
measured by a pressure-temperature sensor. In coronary
microcirculation, perfusion pressure approaches distal
coronary pressure, and myocardial flow is inversely
related to the 7, assessed by thermodilution. The
resistance of microcirculation is related to the perfu-
sion pressure and myocardial flow (Fig. 1a). Accord-
ing to thermodilution theory, the IMR can be derived
from the following equation (Camici et al., 2015)

(Fig. 1):
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where the unit of IMR is mmHg's (i.e., U; 1 mmHg=
0.133 kPa).

In the presence of epicardial stenosis in proximal
coronary arteries, collateral blood flow contributes
greatly to myocardial blood flow, and the IMR can
be derived by the following equation (Fearon et al.,
2004):

IMR = P, x Tmn[(Pd -P,)/(P, - PW)J E))

where P, is the aortic pressure measured by a guiding
catheter, and P, is the coronary wedge pressure, defined
as the mean distal coronary pressure measured by the
central lumen of a balloon catheter during at least a
30-s occlusion of the culprit vessel, representing
recruitable collateral vessels (Meier et al., 1987).

a
@ Resting T,

In the situation where it is inconvenient to
measure P, based on the linear correlation between
the myocardial fractional flow reserve (FFR) and the
coronary FFR, the IMR can be derived by the following
equation (Yong et al., 2013):

IMR = P, x

T,.(1.35 x P,/P,~032).  (3)

1.2 Clinical significance of IMR

IMR directly reflects the intensity of coronary
microcirculation and the hemodynamic resistance,
providing important references for the prediction,
diagnosis, treatment, and prognosis of coronary artery
disease (CAD) (Martinez et al., 2015; Jiao et al., 2021).

IMR has been used as a predictor of myocardial
infarct size, myocardial viability, myocardial salvage,
and long-term mortality in patients with ST-elevation
myocardial infarction (STEMI) (Clarke et al., 2020),
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Fig. 1 Concept of IMR. (a) Theoretical basis for the measurement of IMR. Reprinted from Lee et al. (2020), Copyright 2020,
with permission from the authors. (b) Calculation method based on thermodilution curves for IMR values. Reprinted from
Lee et al. (2018), Copyright 2018, with permission from the Korean Society of Cardiology and Measurement of IMR
in the Clinic. (¢) Clinical measurement of IMR. Reprinted from Li Y et al. (2020), Copyright 2020, with permission from
the authors. In a state of maximal hyperemia, minimum microcirculatory resistance will be achieved. In clinical
measurements, a pressure guide wire was used to obtain reproducible and consistent thermodilution curves at maximal
hyperemia. The IMR is calculated by multiplying P, by 7,,. IMR: index of microcirculatory resistance; P, aortic
pressure; P,: distal coronary pressure; 7, : mean transit time; hyp: hyperemia; rest: resting; FFR: fractional flow reserve;

CFR: coronary flow reserve.

which is useful to guide early clinical intervention.
Besides, the difference between postoperative and
preoperative IMR values can be used to evaluate the
state of periprocedural myocardial injury (PMI) after
percutaneous coronary intervention (PCI), which can
serve as a predictor of PMI in patients with acute coron-
ary syndrome or stable angina pectoris (You et al., 2019).
Regarding applications in diagnosis, IMR has
been used to evaluate the recovery of left ventricular
function after elective PCI (Kitabata et al., 2013), and
assess the microcirculatory dysfunction in patients with
STEMI (Konstantinou et al., 2020) or unstable angina
pectoris (Yong et al., 2011). It has been suggested that
IMR can be applied in the assessment of coronary

microvascular endothelial function in patients with
cardiac syndrome X (CSX) (Long et al., 2017). IMR
can also provide information on transplant arteriopathy
in the case of cardiac transplantation (Fearon et al.,
2006). In the evaluation of the microcirculation state
of some complicated CADs, such as the Takotsubo
syndrome (Cuisset et al., 2011), IMR suggests myo-
cardial reperfusion and elucidates the severity of myo-
cardial ischemia, improving understanding of the mech-
anisms of CADs.

IMR plays an important role in guiding
microcirculation-related coronary treatments, including
the customization of suitable stents and implementation
of pharmacological interventions. This promotes the
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recovery of myocardial blood flow and improves the
prognosis (Fujii et al., 2011; Mangiacapra et al., 2013).
IMR has become an increasingly important reference
for quantitative assessment of microcirculation in various
CAD-related clinical applications (Martinez et al., 2015).

Furthermore, IMR has a certain prognostic value
in patients with STEMI, where IMR>40 mmHg's is
associated with higher rehospitalization and mortality
rates because of heart failure (hazard ratios (HRs)=
2.1, P=0.034) after primary PCI (Fearon et al., 2013).
A large-scale assessment of 283 patients with STEMI
indicated that IMR>40 mmHg's is independently
associated with myocardial infarct pathology, left
ventricular function changes, and heart failure, which
supports the sufficient prognosis of IMR>40 mmHg-s
for patients with STEMI (Carrick et al., 2016). However,
IMR reflects only hyperemic coronary microcircula-
tion. It does not show high prognostic value in chronic
coronary syndrome, which limits the application of this
unique index. In comparison, coronary flow reserve
(CFR) is another important index for microvascular
function, defined as the ratio of the maximum hyper-
emia flow to the resting flow, and includes the effects of
the epicardial and microvascular vessels on myocardial
perfusion. The combination of IMR and CFR could
lead to higher prognostic efficacy. Park et al. (2016)
comprehensively analyzed the IMR and CFR values
of 89 patients with STEMI and found that a compre-
hensive assessment of microcirculation using combined
IMR and CFR may discriminate the presence of myo-
cardial viability and predict the long-term prognosis
of STEMI patients. Ahn et al. (2016) investigated the
accuracy of IMR and CFR for early detecting micro-
vascular obstruction in STEMI patients undergoing
primary PCI, and found that the combination of CFR
and IMR had incremental prognostic value (area under
the curve (AUC): 0.941) in comparison with IMR
(AUC: 0.868) or CFR (AUC: 0.706) alone. The prog-
nostic capacity of IMR in chronic coronary syndrome
deserves further investigation.

1.3 Aim of this review

Different cardiac hemodynamic models have been
proposed to evaluate CAD. Computational models
based on patient-specific CFR, FFR, and instantaneous
wave-free ratio (iFR) have been developed to improve
the clinical diagnosis and treatment of CAD. IMR,
as the gold standard for evaluating microcirculatory

function in the clinic, shows promise for the compu-
tational study of CAD. We searched the peer-reviewed
literature published from 2000 with the keywords of
“coronary,” “index of microcirculatory resistance,” and
“computational fluid dynamics” in combination with
“microcirculatory resistance” or “microvascular resist-
ance,” on the Web of Science, PubMed, IEEE Xplore,
Scopus, and Google Scholar. More than 100 studies
were found. After reading the abstracts, we excluded
some studies unrelated to the measurement or applica-
tion of IMR.

These publications suggest that despite the wide
application of IMR in the prediction, diagnosis, treat-
ment, and prognosis of CAD, there are some research
gaps that deserve in-depth discussion. Firstly, there is
a lack of consensus across studies on the normal range
of IMR (Knaapen et al., 2009; Martinez et al., 2015;
Fearon and Kobayashi, 2017). In addition, there is a
lack of a quantitative relationship between IMR and
coronary hemodynamic parameters such as flow rate,
pressure, and microcirculatory resistance. Meanwhile,
studies of the application of IMR to computational
models of coronary arteries are still lacking. In this
review, by analyzing the merits and limitations of
existing studies on IMR, we discuss the causes of
inconsistencies among IMR values, the key role of
IMR in investigating epicardial and microvascular
interaction, and the potential application of IMR in
the computational simulation of CAD.

2 Normal and pathological ranges of IMR
values: a lack of consistency

In this review, we included studies in which IMR
measurement was performed on healthy subjects and
patients with CAD (e.g., CSX and stable angina) or
other diseases (e.g., epicardial atherosclerosis and
renal microcirculatory dysfunction), as listed in Table 1.
These studies were conducted mainly in middle-aged
and elderly populations, comprising from 8 to 1096
subjects. The target populations were highly hetero-
geneous and could be divided into the following cat-
egories: (1) patients with CAD: patients with symptom-
atic coronary atherosclerosis (Melikian et al., 2010)
or non-obstructive coronary atherosclerotic stenosis
(LiY et al., 2020), and patients suffering from CSX
(Luo et al., 2014; Long et al., 2017); (2) patients with



127

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(2):123-140

panunuod 2q 0F,

(VSN ‘NN ‘Ined 1S

(0 ‘[ESIPIJA OPN[ )S) ANA dpING
__o,\v.NC 991 ‘1oy1e0 Sutping J-/—G ©
- AL TR H(zg0-"d/'d
(see < €D x "L x "d = "WNI epep avo
—0€D) OLI % P = “"INT euonuaalaunsod o) pue uonorejul onewoydwAse S10T
SNINT ueIpay ¢A1001]) TOTINJIP [EWISY] [RIPIBOOATU 9jnoe (iIm sjuoned uoIsnoxXg L 6F1 19 9601  pue emSue 9[qeIS ‘B 10 99
(VSN ‘NN ‘Tned 1S onnyy
TeOIPIIA 9pnf 1S £, SR [eL1E PUE ‘SISOJBWOIdYIE ATRUOIOD
W PIANRINSSAL]) 1M dpIng JUBOIIUSIS I9)IN[J JO UONR[[LIL) 10T
(L'7-6'8) amssard e ™7 x *q = VNI [eLIe ‘SO SJOqRIP ‘SOSBASIP s100[qns “Te 19
9'CI ¢K1001y) uonnyIp [ewdy]  Areuowndorpreds yim sjuoned uoIsNOXg  §'GF0 L 0T Apeay  310qjos
"AOUQIOIINSUI [BUAI IO
IOAT] PUR ‘SIOPIOSIP OTWA)SAS ‘STyI[[ot
S9JoqeIp 10 UoISuaddAY pajjonuodun
“[00[q youeIq a[punq Jo 10
uone[[LIqy [eLIE ‘04(0$> JO UonoRly
uonoafo (aseasIp 11eay [e3uo3uod
(VSN VA ‘Uoiurwuip 10 IB[NA[BA pue ‘saryjedoAworpIeds
Ayder3oi3ue ‘SW0ISAS [BOIPAIN ‘euISUR JUBLIBA) 9SBOSIP AIo)Ie
Je SoLIo)IE. IpeY ‘H-OTIA\QINSSAI]) A1eU0109 JoU10 PIM Sjuaned :uorsnjoxy (s100[qns g1)
A18U0100 orm aInssaxd A18u0100 ®  "SOLIOME ATRu0Jod [epredlds [euLiou pue 1'01FESS
[ewiou  (p'pz-cel)  (0'14-CTST) ML xPd = MINT 989} [[iwpean astoroxe aanisod ‘eurdue  (sjo2lqns g) 10T
s spafqns 81 9'6F8'81 6'LFIEE “A1091) UONN[IP [EULIDY]  [BUONIOXS (M sjuaned XS (UOISN[OU]  T'6F[+S 9¢ XSO “lew ong
*9SBASIp 1189Y
Ie[najeA pue ‘sainssald Areuownd
(uopamg ‘eresddn POIBAQ]O “UOT)OUN] JB[NOLIIUSA
‘SWISAS [BOIPIIN Ipey 1y paaredur ‘A1031ms ssed£q
‘G 4RI 2Inssa1{ Ipey) A10)1e ATeu0109 snoiadld ‘0,06
SISOIO[ISOI). anm aping ainssoid JO uonoely Uonodfo IBMNOINUSA Yo  (S102lqns 10])
A10U0100 © $19301380 opIng J-9 © ‘QuOIpuAs A18U0100 J[qeIsun ‘A191Ie 11F€9 0102
mopm  (04z-0¥1)  (0'8€-0°Cl) L) N =N A1BUOI00 O] UL 9%50G< JO A1L10AdS  (s1o0lqns 1) SIS010[0S010U e ‘e
s10lqns 61 0'SF061 0°¢€IF0°SC “A109t) uonn[Ip [ewLIdy ], Tojowelp yiim syuoned :uoISNOXT 91Ty oIl [erpreotdy  UemIIN
dnoi3 jonuo) %Wwﬂwﬁmz (s MMMMM NMMM/: JUAWAINSBAW YA pIepue)s UOISN[OX/UOISN[OU] (s1eak) 28y ﬁhowﬁwﬁ MH © aseasig Q0URIJY

SIIPN)S JUIYJIP Ul sAnfeA YIAL [ed13o[oyjed pue [euLioN | J[qeL



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(2):123-140

128

panunuod 9q oJ,

(VSN “'sseN ‘uojSurwiip
‘SWISAS [BOIPIIN

*AOUQIOINSUL [BUSI JO IOAI] PUB
‘smI[ouw $9JoqeIp 10 UoISudIadAy
“040S> JO uonoeyy uondafo ‘(3o01q

{ouelq s[punq o[ 10 UOHR[[LIqL}

[BLIE ‘SOI[EWLIOUqE UOT)OW [[eM
[BUOISAI QSLASIP 1BV [B}IUISU0D
1o Je[nAfeA ‘saryyedoAworpies
‘euIdue) saseasIp A1d)e AIeuolod
Ioy10 [m sjudnjed uorsnoxyg

Aydei3oiSue Ipey ‘p-oIIA\INSSAI]) ‘soud)e  (s302lgns (07)
1 SaLIYIE a1m 21nssaxd AIeuoiod e A1eU0109 [RIpIedIdd [PULIOU pUE S} 00IFL VS L10T
ATeu0100 JEULIOU 0'sz—0¥1) (Tor—T¥2) M x P = MINL [[Twpear) as1010x9 danisod ‘euiue  {(s309[qns (7) “Te1
s siuaned 07 §'SFS 61 0°8FCCE “A1091) LONN[IP [BULIDY]  [BUONIOXS A sjuaned XS (UOISN[OU]  §'6F9"€S (114 XSO Suo
"9SBOSIP dNSSI} QAI}IIUUOD pue
(VSN “ouf ‘[eOIPI]A 9pn{  UONB[NOMD [BISI[[OD IOOURD JO AYOUIS
1S) o11m oping anssoid 1O BUWUY)SE ‘SOSBISIP AOQUPIY OTUOIYD
© {S10)1)e0 sun[pn[ J-9 UOT}OJJUI JTUOIYD PUB INOE ‘dIN[Ief
10°q =q)/("d 119 PO[[ONUOIUN ‘SOSBISIP AOUPTY
)] x M x g = NI 10 UOTOIBJUI [RIPIEOOAW JIUOIYO Pue  (S302[qns )
UONE[NOITO0IOTI 108° 0] uoym M7 x P noe ‘sajeqerp Pim syuaned uorsnjoxg 11F9S
[eUAI [BWIOU = T 08 0<¥dd USUM 9L O %S WOIJ AILIOAJS Jojowelp  £(s302[gns 76) UOIB[NONO0IONU L10T
M spafans ¢y 0°9F0°CT 0'SFO'TE <1001} UONN[IP [BWIAY], M sjuoned sIsoud)s [eIpredrds uoisnou] 71 F9S 96 [euoy “[e1o urg
*SISOI09U [eIpIed0Aw [einpasordiiod
(w81 pue ‘0SeasIp JE[NA[BA JUBDIJTUSIS
81D 81 ‘UOTIBOIJIO[BD AABIY] IO S[OSSIA
:dn-mofjo snomn1o} Ajowanxs yeid ssedAq Koy
(ree (VSN ‘NN ‘[nBd 1S~ A12u0100 snoradid ‘Koudrorgnsur [eual
—-811) 791 TeOIPIIN pn[ 1S) 1M ‘SRIWUIAYLIE ‘UONOIRIUL [BIPIBOOAT
10d-1s0d amssaxd your-10°0 QIN[IeJ 118y JATSITUOI ‘UOISN[II0 10d 2A1399[2
(6'8¢ AIeUO0IOd B (1919U1ed J-9 B [101 O1UOIYD Y3IM sjudnjed :uOISN[OXH Surogiopun 910T
-9'%1) 861 T ox P = bINI 'S1BOA ()7 uBY) Jop[o pue [DJ Surod s110300d “Te1
1Dd-21d {1001} UONN[IP [RWLIAY], -1opun sjudnjed eurSue o[qe)s [UOISN[OU] £’/ F8H9 1L eurdue 9[qeIS TeIn
dnoi3 jonuo) %Wwﬂ:hwz s MMMMNMM& JUAWIINSBAW YA PIEpUB)S UOISN[IX/UOISN[IU] (s1eak) 28y ﬁhoMMM_H NH © aseasig QOURIJY
[ 3lqeL



129

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(2):123-140

W ¢/T=4 | ‘I0IOWEIP dPISINO SUIqn) [BOIPOUT 0] PIEPUE)S IPIMPIOM B i ‘edy €] 0=SHWW [ "dWOIPUAS ATBUOIOD 2JNJE UOTIBAJ[D JUAWTIS-T,S-UOU :SYV-FLSN QAIISOI MO[J [BUOT)

-oelj Y] ‘UONUAAIIUI AIBU0I0D snoaueindiad :[DJ aseasip A1o)ie AIeuolod ((Iv)) ‘X SWOIPUAS JBIPIED 1XSD) ‘UONRBIAJD pIepuels (S “YIN] POIOSLIOD :

Juw

.dde

AT SIINT dueredde :

L1100

AN ‘20ue)SISaL

K1072[NOIID0IOIW JO Xapul tYIA] enssaid a3pam Areuooo g ‘owm jisuen ueaw ;™ 7 ‘amssaid Areuoiood [eysip P g ‘amssaxd onoe :° g “(a8uer) uerpaw 1o ‘(aFuer) (JSFULLIW TaquInu sk passaidxa are ejeq

“2anjre} 11e3y J0 ‘uorsudjodAy
‘$9JoqRIP ‘BIPIBIAYOR) ‘SOSBISIP
[RIPIBOOAW ‘UOIIBZIIB[NOSBAD]

AIBUO0IO0) IO UOT}OIRUT [RIPIEOOAT SISOIQ[0S0IYIe
snoraaid ‘owoipuis £1eu0100 K18U0100
ainssaxd noe M syudned juorsnjoxy juoredde
K1eU0100 YOUI-1()°() "SISOIO[OS0IAY}E noym 0202
(06112 I ox P = I AIeUu0I00 INOY)M PUE A}ISON}I0} Kyison}ioy “Te 9
€ TFL 9T 109} UOHNJIP [EWIdY ], A18U0100 Y)IM SjUdNIRd UOISNIOU] 9F8S 8 A18U010D) ATl
(VSN “NIA “ouf [ed1pay "%0L<
(0°0g apn[ 1S) a1mapIng JO AJLIOASS I9)OWEIP YIIM SISOU)S
—L'S1) S'61 amssaxd youl-f,1)'0 8 AIBUOIOD QIOAJS ‘OSBISIP UOTIBOINIq ‘1°0 10
:dn-mofjoq I x P = MINL asrey yym syuaned uorsnjoxg 00°TI00T‘T
(¢67-1271) :dn-mofoj je pue [Dd Ioye *9SBaSIp UoneIINJIq odAy eurpay)
6'L1:10d50d (" - ") /("d - "d)] A1euo105 10§ uonejue[duwr BUIPI]A 610
(9Le-181) x ™ x °d = dAI 1Dd-°1d P[0JJeos Ie[noseA 9[qeqlosaIolq JO oseasIp “re
L'LT IDd-91d *A1091) UONN[IP [EULIDY QIOSIV ya syudned uosnjoup  $01FS°C9 8¢ uoneomyrg  jedwey
‘1Dd 191je UONBAJ[D JUIWIAS
1S 10 s3sed [D{ [ossoAnnu
pue ‘erunpAyLre jJueoyugis
“geid ssedAq A1011e AIRU0IO0D
snoradxd ‘Aouororyynsur [euax
‘SeruI)AyLIe ‘UONOIBIUI [RIPIBOOATT
(vsn 9SBOSIP JB[NATEA JUBOIJTUSTS
‘NN ‘Tned IS ‘[edIpIN ‘QIn[IeJ 18y 9ANSITUOD ‘UOISN[O20
apn[ 1S) a1m anssaxd [oueIq 9pIS 9[qISIA IO UOISN[I00
K18U0100 SNIO)) B {WISKS €103 o1UOIYD YIM sjuaned uorsnjoxg 8102
(ToT-L0D)  (S9r-6TD) d-9® L x 'd =4I 10d oS1epun “Te
€91 LT :A1091) UONIN[IP [eWLDY,  SOV-ALSN WM sjuoned :uoisndu]  L'6FL €9 €8 SOV-4LSN femjy
dnoi3 jonuo) (S-BHWW) (S SHUWW) AT JUAWIINSBAW YA PIEpUB)S UOISN[IX/UOISN[IU] (s1eak) 28y sioalqns jo aseasig QOURIJY
NI [BWON  [ed150[otped ’ ‘ ToqumN ‘

[ 3lqeL



130 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(2):123-140

CAD under treatment: patients undergoing PCI using
metal stents (Ng et al., 2012; Murai et al., 2016, 2017)
or bioresorbable scaffolds (Rampat et al., 2019);
(3) patients with other cardiovascular diseases includ-
ing hypertensive renal microcirculatory dysfunction
(Lin et al., 2017), non-ST-segment elevation acute
coronary syndrome (Murai et al., 2018), left ventricular
dilatation without coronary artery lesions (Tebaldi et al.,
2020), stable angina, myocardial ischemia, or diabetes
mellitus (Lee et al., 2015); (4) CAD-free subjects:
subjects with structurally normal hearts with minimal
or no CAD (Solberg et al., 2014). In these studies, the
values of IMR differed significantly between the
patients with microcirculatory lesions and the subjects
(healthy or with CAD) without microcirculatory
dysfunction (P<0.05 for normal IMR values and patho-
logical IMR values). The patients with these patho-
logical conditions differed in their microcirculatory
function, which led to the differences in IMR values.
However, even in healthy subjects or patients with
the same type of physiological diseases, the values of
IMR showed some variation. In these studies, the
cut-off thresholds of normal IMR were 23 mmHg's
(Solberg et al., 2014; Lee et al., 2015), 25 mmHg:s
(Luo et al., 2014; Long et al., 2017), or 29 mmHg-s
(Rampat et al., 2019; Li Y et al., 2020). The patho-
logical IMR of CSX ranged from 24.2 to 41.0 mmHg-s,
the pathological IMR of stable angina ranged from
12.4 to 28.9 mmHg's, and the pathological IMR of
other diseases (e.g., epicardial atherosclerosis and renal
microcirculation) ranged from 11.8 to 106.4 mmHg:s.
The ranges of IMR values among these studies over-
lapped greatly. In addition, the distribution of IMR
values differed among the three major coronary arteries.
The right coronary artery (RCA) had higher IMR
values than the left anterior descending artery (LAD)
and left circumflex artery (LCX) under the same physi-
ological conditions, and the cut-off values for normal
IMR were 22, 24, and 28 mmHg's for LAD, LCX,
and RCA, respectively (Lee et al., 2015). These incon-
sistencies in IMR range can be related to differences in
sample size, target population, measurement/operation
method, and some physiological factors (e.g., distal
coronary pressure and blood flow velocity). In terms of
statistics, the accuracy of IMR ranges is influenced
by the sample size. The target populations came from
different countries or regions with different living
environments and physical conditions. Although no

studies have explicitly shown that IMR values are
ethnically-related, we cannot rule out the possibility
of differences in coronary microcirculation. Mean-
while, differences in IMR values under the same
physiological conditions may come from the lack of
standardization of IMR measurement methods. Firstly,
the induction of maximal hyperemia is indispensable
in the assessment of IMR. The intensity of hyperemia
is closely related to drug dosage and route of adminis-
tration. In some patients, it is difficult to reach maximal
hyperemia or to determine the state of maximal hyper-
emia (McGeoch and Oldroyd, 2008). Secondly, during
repeated IMR measurements, the different locations
of the guide wire cause deviations of the IMR value,
as the guide wire should be advanced to at least two
thirds of the way down the coronary artery (Ng et al.,
2006a). Thirdly, a 6-F (F: a worldwide standard for
medical tubing outside diameter, 1 F=1/3 mm) guide
catheter without a side hole is commonly used in IMR
measurement, whereas the accuracies of other catheters
(e.g., 4-, 5-, and 7-F guide catheters) remain to be
evaluated (Resar et al., 1994).

The IMR value is also sensitive to some physi-
ological factors related to the local hemodynamics of
distal arteries, such as vessel geometry, distal coronary
pressure, blood flow velocity (Heller et al., 1994), and
the myocardial mass supplied by the specific target
vessel (Echavarria-Pinto et al., 2017). These factors
commonly contribute to differences in IMR values
among the branches of the coronary artery. A longer
vessel and a larger diameter each contribute to a
longer T,,, resulting in higher IMR values (Murai

nn’

etal., 2013; Lee et al., 2015).

3 IMR and CAD: interaction between the
epicardial and microcirculatory dysfunctions

3.1 Interaction between epicardial and microvas-
cular flow resistance

It has been proven that the resistance of down-
stream small arteries and microcirculation has negligible
impact on upstream epicardial resistance (Kelsey et al.,
2016). However, there are different viewpoints on the
effect of the epicardial (proximal) on microvascular
(distal or microcirculatory) flow resistance in coronary
circulation. The related publications are summarized
in Table 2.
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In patients with CAD, with an increasing degree
of proximal stenosis or atherosclerotic plaque in a
coronary artery, the changes in distal hemodynamics
(e.g., pressure and flow rate) lead to changes in micro-
circulatory resistance. The microcirculatory resistance
in a distal coronary artery with hemodynamically
significant stenosis is higher than that in arteries without
stenosis (Chamuleau et al., 2003). However, after PCI
or angioplasty treatment (Sambuceti et al., 2001), the
abnormally high distal minimal microcirculatory re-
sistance of the stenosed artery decreases to a relatively
normal range, with an immediate improvement in
microcirculatory function (Ng et al., 2012; Murai et al.,
2016, 2017; Rampat et al., 2019). With stent implant-
ation or plaque removal, the coronary arteries are
restored to patency and then microcirculatory resistance
returns to within a normal range (Rampat et al., 2019).
Furthermore, microcirculatory resistance in follow-up
remains at the post-procedural level (Murai et al.,
2016; Rampat et al., 2019).

Some studies have suggested that distal micro-
circulatory resistance is not affected by proximal
coronary arteries (Fearon et al., 2004; de Waard et al.,
2020). This phenomenon might be related to two
factors. Firstly, it has been demonstrated that with
the development collateral circulation, the aortic
pressure, distal coronary pressure, and coronary wedge
pressure contribute to the stability of the minimum
microcirculatory resistance. Therefore, epicardial
stenosis has a limited effect on distal minimal micro-
circulatory resistance (Aarnoudse et al., 2004a; Fearon
et al., 2004; Layland et al., 2012; Yong et al., 2013).
Secondly, in a recent study, it was observed that the
geometry of coronary arteries (e.g., vessel diameter
and lumen area) did not significantly influence distal
microcirculatory parameters (e.g., capillary density
and arteriolar density), and proximal arterial remodel-
ing did not incur severe microcirculatory dysfunc-
tion due to the existence of a parallel circulation
network (de Waard et al., 2020). Considering the
interaction between the distal and proximal coronary
arteries, the coronary microvascular system is ex-
tremely complex. The accurate investigation of the
relationship between epicardial and microvascular
flow resistance deserves further investigation, as it
plays a key role in quantifying coronary blood flow,
accurately assessing the severity of coronary micro-
circulatory dysfunction, and improving the diagnosis

of CAD and the prognosis of PCI (Herrmann et al.,
2012).

3.2 Key roles of IMR in investigating epicardial
and microvascular interaction

The measurement of IMR can shed light on the
interaction between epicardial and microcirculatory
dysfunctions (Eshtehardi et al., 2011). Firstly, IMR
provides a more accurate representation of microcir-
culatory resistance in patients with CAD in epicardial
arteries compared with FFR or iFR (Aarnoudse et al.,
2004b; Ng et al., 2006b). Secondly, during the measure-
ment of IMR, hemodynamic parameters related to
epicardial and microcirculatory circulations can be
simultaneously obtained (Aarnoudse et al., 2004a;
Fearon et al., 2004). This makes it possible to perform
a synchronized analysis of the interaction between
proximal and distal flow resistance. In future studies,
more accurate anatomic observations of human coronary
microcirculation and large-scale clinical trials on
coronary microcirculatory dysfunction could provide
more data for quantitative analysis to reveal the details
of the interaction between epicardial and microvascular
flow resistance.

4 IMR in computational studies of CAD

4.1 Relationship between IMR and hemodynamic
parameters in computational studies on CAD

Computational modelling and simulation have
been widely applied in the investigation of coronary
hemodynamics. Computational models of arteries
include zero-dimensional (0D) models based on lump-
parameter Windkessel elements, one-dimensional (1D)
models based on pulse wave analysis using simplified
Navier-Strokes equations, three-dimensional (3D)
models using computational fluid dynamics (CFD)
simulation, and fluid-structure interaction (FSI) models,
in which the effects of myocardial contraction and
coronary artery motion can be considered (Sinclair
et al., 2015; Liu et al., 2020b). Compared with the 0D
and 1D models, the 3D CFD models can represent 3D
blood flow in the patient-specific geometry of coronary
arteries. CFD simulation has been applied to the
non-invasive evaluation of hemodynamic parameters
such as FFR (Tesche et al., 2017), iFR (Liu et al.,
2020a), and parameters difficult to measure directly,



such as wall shear stress (WSS) (Ladisa et al., 2005;
Karmonik et al., 2013; Liu et al., 2018) and filtra-
tion rate of low-density lipoprotein (Liu et al., 2018).
These hemodynamic parameters are closely related
to the pathophysiology of CAD. However, the cyclic
bending motion of coronary arteries (Hasan et al.,
2013) and myocardial contraction (Smith, 2004) have
non-negligible effects on coronary hemodynamic
parameters. The compression pressure of myocardial
contraction on the epicardial vascular wall can be up
to 40 kPa (about 300 mmHg) (Vis et al., 1995), which
greatly decreases systolic blood flow. Additionally,
the stretching-bending motion causes a large displace-
ment of the coronary arteries, which influences the
coronary blood flow in a cardiac cycle. In normal
LAD branches, the circumferential strain and axial
strain from diastole to systole range from 2.0% to
10.8% and from 1.5% to 14.0%, respectively (Meza
et al., 2018). As a result, the velocity profile of a
coronary artery in a cardiac cycle differs greatly from
those of other arteries. Considering these character-
istics, it is challenging to perform real-time simulation
of coronary hemodynamic parameters. Accordingly,
FSI simulation incorporating coronary artery motion
and myocardial contraction has been extensively used
in CAD-related biomechanical studies on plaque
progression (Liang et al., 2013; Javadzadegan et al.,
2017), arterial geometry (Dong et al., 2015), and heart
movement (Meza et al., 2018; Carpenter et al., 2020).
Non-invasive hemodynamic assessment of cor-
onary arteries based on computational simulation has
been widely investigated and applied in the diagnosis,
treatment, and management of CAD (Serruys et al.,
1993; Pennati et al., 2013; Coverstone et al., 2015;
Morris et al., 2016; Li YC et al., 2020; Wu et al.,
2021). In particular, as one of the most important hemo-
dynamic parameters, the flow resistance originates
from the frictional resistance between blood com-
ponents or between blood flow and the vessel wall.
The flow resistance of the whole coronary artery tree
is often approximately calculated as the mean aortic
pressure divided by coronary flow (di Mario et al.,
1994). Given that microcirculatory resistance plays an
important role in flow resistance, the true microcirculatory
resistance (TMR), defined as the distal coronary
pressure divided by the hyperemic flow, is another
essential parameter for coronary hemodynamic assess-
ment. Based on the linear relationship between IMR
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and TMR (Fearon et al., 2003; Aarnoudse et al.,
2004b), the pathological changes of microcirculatory
resistance can be characterized by IMR values, which
makes IMR-based computational simulation of cor-
onary arteries possible. Currently, the intracoronary
hemodynamic indicators characterizing microcir-
culatory resistance include IMR and Doppler flow-
derived hyperemic microcirculatory resistance (hMR).
Both IMR and hMR are credible in the quantitative
assessment of microcirculatory resistance (Ng et al.,
2006b; de Waard et al., 2015), but hMR may have a
higher accuracy in the diagnosis of microcirculatory
dysfunction (Williams et al., 2018). Currently, h(MR has
been recognized as a promising parameter to reliably
reflect coronary microcirculatory resistance. However,
its large-scale validation and application in computa-
tional simulation need further investigation.

4.2 Potential opportunities and research gaps of
IMR in computational studies of CAD

Coronary hemodynamic assessment has been
widely translated to the clinical realm, and has become
an effective tool to diagnose the severity of CAD
(Kern and Samady, 2010). Using hemodynamic models
to assess microcirculatory dysfunction has the potential
to reduce the cost and risk of clinical trials. Therefore,
the outlook for non-invasive coronary hemodynamic
assessment has attracted increasing attention (Radaelli
et al., 2008). Limited by the resolution of clinical
imaging technologies (500—625 pum in z-axis and
500 um in the x- to y-axis spatial resolution for
computed tomography; 70 to 200 um axial resolution
for intravascular ultrasound) (Lin and Alessio, 2009;
Eshtehardi et al., 2011; Lempel and Frishman, 2019)
and reproducible image quality, the current non-
invasive imaging techniques to evaluate coronary
microcirculation have great limitations (Ahmed, 2014).
Despite the high resolution of optical coherence
tomography (12—18 pm axial resolution and 20-90 um
lateral resolution), it is operator-dependent (Eshtehardi
et al., 2011). IMR can characterize the minimum
microcirculatory resistance of the distal coronary artery,
thereby providing more accurate hemodynamic infor-
mation for related pathophysiological studies and
clinical applications. Based on patient-specific IMR
values, the individual value of microcirculatory resist-
ance can be roughly inferred according to the linear
relationship between IMR and TMR (Fearon et al.,
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2003; Aarnoudse et al., 2004b). Therefore, patient-
specific IMR values could be converted to the flow
resistance value and applied as the outlet boundary
condition of distal artery branches in CFD or FSI
models to simulate microcirculatory dysfunction. Based
on the thermodilution curves during IMR measure-
ments and coronary downstream resistance changes
in a cardiac cycle (Pijls et al., 2002), the dynamics of
pathological microcirculatory resistance can be calcu-
lated and used in a transient simulation of coronary
blood flow. With dynamic clinical imaging data, FSI
models based on patient-specific estimation of cyclic
coronary artery deformation and IMR values might
achieve an accurate estimation of cyclic coronary
blood flow.

However, there are some research gaps limiting
the application of IMR in computational studies. Firstly,
there have been very few studies on the measurement
of flow resistance in coronary arteries, and a lack of
large-scale validation (Fearon and Kobayashi, 2017;
Murai et al., 2017; Ai et al., 2020). Furthermore,
despite the significant correlation between IMR and
flow resistance, there is a lack of knowledge of the
quantitative relationship between IMR values and
microcirculatory resistance. Compared with flow
resistance, IMR is more sensitive to physiological
conditions. There have been few clinical studies on
the linear relationship between IMR and microcircu-
latory resistance evaluated in vivo (Fearon et al., 2003;
Aarnoudse et al., 2004b). Hemodynamic parameters
such as flow rate (Lee and Smith, 2012), distal coron-
ary pressure, and aortic pressure (Morris et al., 2016)
are closely associated with IMR, and the quantitative
relationship between IMR and these parameters requires
further investigation. Finally, as summarized in Table 1,
the computational estimation of IMR has not been
directly applied in clinical practice, because of incon-
sistency in the IMR range and the difficulty of distin-
guishing normal from pathological cases.

5 Conclusions

As a direct assessment of coronary microcircula-
tory dysfunction, IMR is an increasingly important
parameter for the diagnosis, treatment, and management
of CAD. IMR is closely related to many hemodynamic
parameters, especially the flow resistance in coronary

arteries, making possible the development of IMR-based
computational models of coronary circulation. The
major research gaps between IMR and its application
in computation models include the lack of consistency
in the range of normal IMR values, and the lack of a
quantitative relationship between IMR and hemody-
namic parameters such as flow rate, distal coronary
pressure, and aortic pressure, which deserve in-depth
studies in the future.
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