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Abstract

Vasodilation and vasoconstriction of small resistance vessels in the coronary microcirculation are key mechanisms for regulating coro-
nary blood flow. This dynamic regulation acts as a reserve system that ensures adequate perfusion under varying physiological condi-
tions and metabolic demands. In the presence of coronary artery stenosis, part of this vasodilatory reserve may already be used,
triggered by pressure-flow autoregulation mechanisms that maintain normal blood flow at rest. Fractional flow reserve (FFR), meas-
ured during pharmacologically induced maximum vasodilation/hyperemia (typically with adenosine), remains the gold standard for
diagnosing coronary artery disease. Computed tomography-derived FFR (CT-FFR) provides noninvasive FFR estimates and is increas-
ingly recommended as a gatekeeper to invasive evaluation. Most current CT-FFR models assume a fixed microvascular response to
adenosine, treating vasodilation capacity as constant and optimal for all patients and lesions. Using intracoronary pressure measure-
ments, we quantified how stenosis severity affects the microcirculatory response to adenosine. Based on these findings, we devel-
oped a CT-FFR algorithm that incorporates autoregulation. In comparison across 280 lesions, the autoregulation-based model
reduced prediction variability (SD = 0.1006 vs. 0.1167, P value = 0.013) and improved the coefficient of determination (R*> = 0.398 vs.
0.179) relative to a fixed-response model, using invasive FFR as reference. However, the area under the curve (AUC) remained
unchanged. Sensitivity analyses showed that autoregulation effects were minor in lesions with CT-FFR > 0.7. Feature analysis showed
that vessel location, patient sex, and heart rate are associated with the microvascular response to adenosine, emphasizing the need
to consider these factors in the combined assessment of epicardial and microvascular disease.

NEW & NOTEWORTHY We present a novel autoregulation-aware model of microvascular resistance for CT-FFR computations.
The model improves prediction accuracy compared with conventional approaches for modeling the hyperemic state. Integration
of CCTA-derived anatomy and invasive pressures reveals sex- and territory-dependent microvascular responses to adenosine,
highlighting the diagnostic role of combined assessment of epicardial and microvascular disease.

autoregulation; coronary microvascular resistance; CT-FFR; microvascular response; microvascular dysfunction

INTRODUCTION the peripheral coronary microcirculation (1). Hence, maximum
coronary flow (hyperemia) is achieved in states with maximum

Regulation of coronary blood flow involves several mecha- peripheral vasodilation (i.e., minimal microvascular resist-

nisms, including coronary perfusion pressure, myogenic
responses, local metabolic factors, endothelial function, and
neural and hormonal influences (1). Collectively, these mecha-
nisms regulate coronary resistance and ensure sufficient myo-
cardial oxygen delivery via the coronary circulation (1). The
regulation of resistance primarily occurs through active vaso-
dilation/vasoconstriction of the small arterioles (<100 um) in

ance). The ability to increase flow to hyperemic levels relative
to a basal level is known as the coronary flow reserve (CFR).
CFR describes the functional capacity of the coronary circula-
tion to increase blood supply upon an increase in demand. In
a clinical setting, maximal hyperemia is achieved by adminis-
tration of pharmacological vasodilators (e.g., adenosine) that
specifically target the peripheral coronary microcirculation.
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In patients with ischemic heart disease, the ability to meet
sufficient blood supply is compromised. Focal coronary artery
disease (CAD) is caused by atherosclerosis in large epicardial
arteries, resulting in an obstruction of the lumen (a stenosis),
an impediment to flow, and a reduced perfusion pressure (2).
In a basal state, blood supply is normally maintained even for
severe stenoses due to partial vasodilation of the peripheral
microcirculation triggered by pressure-flow autoregulation
mechanisms (1, 3-5). The ability to achieve maximal hypere-
mia, on the other hand, might be compromised, leading to a
reduced hyperemic blood flow and, consequently, a reduced
CFR (3-5). However, several other factors can affect the ability
to increase blood supply to the myocardium, such as diffuse
disease in the coronary microcirculation (i.e., vasodilatory dys-
function) (2). Hence, CFR assesses the overall coronary circula-
tion, including both epicardial and microvascular function,
which confounds its ability to identify treatable focal disease.
Instead, fractional flow reserve (FFR) has, through the last dec-
ades, been established as the gold standard for quantifying
lesion-specific ischemia (6-8). FFR is measured during invasive
coronary angiography by insertion of a guidewire with a pres-
sure sensor and is calculated as the ratio between the cardiac
cycle-averaged pressure distal and proximal to the stenosis. If
FFR is below 0.8, the stenosis is considered hemodynamically
significant, and it is generally recommended to intervene by
percutaneous coronary intervention (PCI). If FFR is above 0.8,
optimal medical therapy alone is recommended. FFR measure-
ments are performed during pharmacologically induced hyper-
emia; however, the corresponding pressure ratio can also be
measured in a resting/basal state without adenosine and is
commonly denoted Pd/Pa.

Although FFR quantifies the relative reduction of flow
caused by the stenosis, the clinical value depends on the vas-
odilatory capacity of the microcirculation, similar to CFR. In
particular, discordance between CFR and FFR represents
divergent extremes of microvascular and focal disease (2).
Hence, insights into the relation between epicardial stenoses,
the vasodilatory capacity of the microcirculation, the effec-
tive increase in flow, and its effect on FFR are warranted.
This is particularly important with new guidelines support-
ing the use of tomography-derived FFR (CT-FFR) as a gate-
keeper to further invasive testing in patients with suspected
symptomatic, stable CAD (9). CT-FFR combines the noninva-
sive imaging technique coronary computed tomography
angiography (CCTA) and computational fluid dynamics to
predict FFR noninvasively. In CT-FFR models, the epicardial
coronary anatomy is extracted from the CCTA data, whereas
the contribution of the peripheral microcirculation is repre-
sented in a lumped manner in terms of resistance (and poten-
tially also capacitance) elements attached to outlets (10).
Hence, although epicardial coronary arteries are represented
patient-specifically in CT-FFR models, the peripheral micro-
circulation is, in principle, represented by a single parameter,
namely the hyperemic microvascular resistance. Several
groups have demonstrated high diagnostic accuracy of CT-
FFR against dichotomous FFR (FFR < 0.8). However, abso-
lute quantitative error remains high, where uncertainty and
variability related to the hyperemic microvascular resistance
have been established as one of the major contributors to
errors in CT-FFR prediction (11-14). Still, current methods
to model hyperemia in CT-FFR prediction assume that the
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microcirculation reacts predictably to adenosine, where the
hyperemic microvascular resistance can be estimated directly
from basal levels by assuming a fourfold reduction in resist-
ance (10, 15-18). However, the assumption of the predictabil-
ity of the microvascular response is largely based on a study
on healthy individuals (19), and hence has limited justifica-
tion based on knowledge of coronary pathophysiology and
regulation.

The presence of relevant autoregulation mechanisms occur-
ring in stenosed coronary arteries has been documented in vivo
(3-5), but the relevance of autoregulation in CT-FFR prediction
has not been studied. In this study, we used intracoronary pres-
sure measurements and CT-derived epicardial coronary geome-
try to derive patient/lesion-specific information about the
microvascular response to adenosine (see illustration in Fig. 1).
Specifically, the microvascular response to adenosine was
quantified in terms of the adenosine-induced reduction in
microvascular resistance from rest to hyperemia. We used these
data to document potential connections between the microvas-
cular response to adenosine and the relative drop in resting per-
fusion pressure caused by the epicardial stenosis. In particular,
a lowered basal perfusion pressure accompanied by a reduced
microvascular response to adenosine was regarded as indica-
tive of exhausted vasodilatory capacity resulting from autoreg-
ulatory mechanisms. Furthermore, based on this analysis, we
developed and evaluated a model for the hyperemic microvas-
cular resistance that considers autoregulation mechanisms. We
hypothesized that a CT-FFR model that incorporates patient-
specific microvascular autoregulation better reflects the true
hemodynamic impact of a stenosis than models using fixed
resistance assumptions. A secondary purpose of the study was
to establish potential relationships between the microvascular
response to adenosine and patient and vessel characteristics.

MATERIALS AND METHODS

Data Collection and Processing

Population.

Patients with symptoms of stable CAD and a positive CCTA
referred for subsequent invasive coronary angiography were
prospectively recruited as part of a clinical trial at St. Olavs
University Hospital, Trondheim, Norway (20). Symptom and
risk assessment of stable CAD was based on contemporary
guidelines, which included sex-specific risk evaluation related
to age and symptom interpretation (21). Of the included
patients, 37% were females and 63% were males. Women were
more frequently included based on anginal symptoms (80% of
female and 61% of male patients had chest pain classified as
anginal). Furthermore, female patients were older than males
(average age of females/males: 63 yr/59 yr). Importantly,
these data represent sex/age-specific information of included
patients, i.e., patients with a clinical indication of CAD and a
positive CCTA. Unfortunately, information about patients with
a clinical indication of stable CAD but a negative CCTA was not
collected/available. Exclusion criteria included previous coro-
nary revascularization, chronic total occlusions, nondiagnostic
quality of CCTA imaging, contraindications to adenosine
administration, age >75, and body mass index >40. In addition,
participants with clinically significant arrhythmia, valvular
heart disease, congenital coronary anomaly, or cardiomyopathy
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Figure 1. The coronary blood flow model was used in combination with invasive pressure data to derive hemodynamics at rest and hyperemia corre-
sponding to the invasive pressure data. The top part of the figure illustrates the pressure-matching approach, whereas the bottom part of the figure illus-
trates the approach for quantifying the microvascular response to adenosine. The microvascular response was quantified as the reduction in peripheral/

microvascular resistance from rest to adenosine-induced hyperemia. The
was also quantified. CFR, coronary flow reserve.

were considered ineligible. All enrolled participants completed
the study; no attrition occurred. The study protocol received
approval from the Regional Ethics Committee of Central
Norway (2016/1609) and was registered at ClinicalTrials.gov
(NCT03045601). The research was conducted in accordance
with the Declaration of Helsinki, and written informed consent
was obtained from all participants.
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resulting increase in flow from rest to adenosine-induced hyperemia, CFR,

CCTA and segmentation.

All CCTA scans were performed at St. Olavs Hospital and five
collaborating local hospitals. Six different CT scanners from
three different vendors were employed. Postprocessing with
segmentation of the left ventricle and coronary geometry was
performed semiautomatically using a commercially available
software (Materialise Mimics 24.0). Manual correction of the
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segmented geometries was performed when appropriate. In
detail, the coronary arteries were segmented down to the level
at which they could no longer be reliably distinguished from
the surrounding tissue, corresponding to a vessel radius of
~1 mm. Postprocessing of the segmentations, including sur-
face and centerline generation, was performed using the
open-source software VMTK (22).

Invasive pressure measurements.

Proximal and distal pressure were measured using Verrata Plus
(Philips Volcano, San Diego) pressure wires according to stand-
ard practice. Intracoronary nitroglycerine (0.2 mg) was given to
all patients before advancing the pressure wire into the coro-
nary arteries. For a subset of the patients, the dual (proximal,
distal) measurements were performed without further medica-
tion (i.e., at rest), whereas for all patients/lesions, pressure
recordings were acquired during hyperemia. Hyperemia was
induced by continuous intravenous infusion of adenosine at a
rate of at least 140 pg/Kkg/min. At the end of the procedures, the
interventional cardiologist retracted the pressure wire back to
the equalization point at the tip of the guiding catheter to
ensure there was no pressure drift. Invasive pressure tracings
were recorded and made available for further processing. The
left part of Fig. 1 shows an example case/lesion with measure-
ments at rest and hyperemia.

Model for Blood Flow in Coronary Arteries

The pressure and flow distributions in the coronary net-
works were solved by a previously validated machine learn-
ing-augmented reduced-order model (23). The coronary
network was divided into healthy segments, stenoses, and
junctions. Pressure drops across each segment were first esti-
mated using a simplified [one-dimensional(1-D)/zero-dimen-
sional (0-D)] physics-based model. These estimates were
then refined using a neural network trained to capture com-
plex three-dimensional (3-D) fluid dynamics. The blood flow
model was implemented using an in-house developed
Python code. Full details of the implementation can be
found in Ref. 23.

In the current article, we used the model for blood flow in
coronary arteries in two ways. First, in Quantification of the
microvascular response to adenosine, we describe how we
used the blood flow model together with invasive pressure
data to obtain information about translesional flow and
peripheral microvascular resistance at rest and during adeno-
sine-induced hyperemia. Second, in CT-FFR prediction, we
describe the pipeline for the prediction of CT-FFR from non-
invasive data, including the specification of hyperemic micro-
vascular resistance at outlets.

Quantification of the microvascular response to
adenosine.

We hypothesized that the vasodilatory capacity of coro-
nary arteries is affected by the severity of the disease due
to a partial exhaustion of the microvascular response
related to autoregulation mechanisms for meeting basal
supply demands. We sought to test this hypothesis by
matching the actual coronary pressure and flow distribu-
tions in the segmented geometries both in rest and hyper-
emia, and from this derive an estimate of the resistance of
the microcirculation in both states. We had available
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invasive pressure measurements at rest and hyperemia for
a subset of the interrogated lesions analyzed in this study
and designed a procedure to match the measurements as
illustrated in Fig. 1. Departing from our flow pipeline
described in CT-FFR prediction, we modified the flow
through the stenosis by updating the flow through outlets
affected by the stenosis in both states to match the meas-
urements at rest (Pd/Pa) and hyperemia (FFR). Next, we
calculated the resting and hyperemic resistance of the
microcirculation peripheral to the lesion and used this to
quantify the microvascular response to adenosine:

stenosis |
microcirculation Irest,matched ( 1)

Rstenosis | ’
microcirculation lhyp,matched

kinvasive =

where Ainyasive iS the reduction in resistance from rest to aden-
osine-induced hyperemia derived from the invasive pressure
data. Hence, Ainvasive reflects the vessel-specific response in
the myocardial microcirculation peripheral to the stenosis. A
Minvasive Value of ~4 reflects a textbook value for a normal
reduction of the microvascular resistance from rest to hypere-
mia (i.e., healthy), whereas a value of 1 reflects no change in
resistance (i.e., no microvascular response/vasodilation). A
reduced Ainvasive Can be attributed to microvascular dysfunc-
tion or to an expanded vasodilatory capacity related to autore-
gulation mechanisms for meeting basal supply demands. The
increase in flow from rest to adenosine-induced hyperemia,
CFR, was also quantified. Lesions with a Pd/Pa greater than
0.99 were excluded from this analysis, as estimated resistance
from low AP and/or low flow can be ill-defined (24).

CT-FFR prediction.

We adopted the strategy presented earlier in Ref. 25, which
provides a natural approach to model the coronary circula-
tion during rest and hyperemia:

1) estimate the resting coronary flow and distribute it
among the network’s Ny, outlets: Qoueq, With I =1,...,
Nous

2) perform a resting-state simulation with prescribed inlet
pressure Pj, 1 and prescribed outlet flows defined in the
previous step to find Py, with/=1,...,Nous

3) compute resistances at outlets as

rest

RIS :%;V, with/=1,...,Nout, 2)

out,/

where Py, is the pressure at the Ith outlet resulting
from the simulation performed in the previous step, and
P, is a reference venous pressure, which is set to P, =
mmHg throughout this work;

4) perform a hyperemic-state simulation with prescribed
inlet pressure P and prescribed resistances at outlets.

Such resistances were computed as

rest

Rl = =5, with! =1,.... Nour, (3)

where L is the factor by which peripheral coronary resist-
ance drops from its value at resting conditions to its
value in hyperemia. Two different approaches were used
to specify A, as detailed in Incorporation of autoregula-
tion mechanisms in CT-FFR prediction.
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The resting flow to each outlet was derived in a stepwise
manner by first estimating the total coronary flow to the
myocardium:

Qcor = C - TMM,

where { = 0.8 mL/min/g is a perfusion factor representing
normal myocardial perfusion (26) and where the total myo-
cardial mass, TMM, was estimated from the segmented left
ventricle mass (LVM) according to (25)

TMM =2.4-LVM.

Finally, the blood supply to the coronary microcirculation
peripheral to each outlet was estimated as a fraction of the
total coronary flow:

Qout,[ = my - Qcor,

where m; is the portion of the myocardial mass supplied by
each outlet, which was estimated by the Voronoi algorithm
(27, 28). The inlet pressure was derived from noninvasive
brachial cuff measurements according to

1 2

Pintet = 3 SBP + 2 DBP, (4)

3 3
where SBP and DBP are the systolic and diastolic pressures
acquired from cuff measurements.

Incorporation of autoregulation mechanisms in CT-FFR
prediction.

The prevalent assumption in available CT-FFR approaches is
that the microcirculation reacts predictably to achieve maxi-
mal hyperemia (10, 15-18). In this study, we compared such a
fixed-response model where the microvascular response is
modeled as a constant value for all vessels/patients, versus a
novel approach where the microvascular response is expo-
nentially reduced depending on the severity of the disease
(29). The two models differ in how the reduction of resist-
ance from rest to hyperemia was calculated:

rest,

hyp _ “‘out/
Rout,l - )y

, with/=1,..., Nout. (5)

For the fixed-response model, A was modeled as a con-
stant (¢):

Mixed = C- (6)

For the new approach, the reduction of the resistance
from rest to hyperemia was designed to exponentially decay
for increasing pressure loss in the resting condition:

}\autoregulation =1+ (}\healthy - 1) : eiﬁ‘x’ x=1- Pd/Parest.out.lv (7)

where Pd/Payes, out, 1 IS the resting Pd/Pa at outlet [, and Aneaithy
represents the microvascular response before any exhaustion
due to autoregulation (i.e., for vessels without any pressure
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Table 1. Baseline characteristics

Variables/Clinical Characteristics

Number of patients 156
Male/female 98/58 (63%/37%)
Age, yr 60.8+79
Risk factors
Hypertension 79 (51 %)
Diabetes 21 (13 %)
Dyslipidemia 59 (38%)
Atrial fibrillation 10 (6%)
Smoking history 72 (46%)
Family history of CAD 71 (46%)
BMI, kg/m? 279+36
Angina status
Non anginal chest pain 50 (32%)
Anginal chest pain 106 (68%)
Typical angina 81(52%)
Atypical angina 25 (16%)

BMI, body mass index; CAD, coronary artery disease.

loss Pd/Pa =1and x = 0 and, such that Aaytoregulation — Mhealthy)-
Finally, B is a decay factor that controls how the microvascu-
lar response drops for increasing severity of the disease.
Figure 2 illustrates the response of an idealized vessel for dif-
ferent stenosis severities.

Cross validation and comparison with invasive FFR.

We designed a 10-fold randomized cross-validation experiment
where we optimized the value of ¢ in Afyxeq and Apeainy in
xautoregulation in CT'FFRﬁxed and in CT'FFRautoregulation’ respec-
tively. The optimization was performed by maximizing the
coefficient of determination (R*score) between the predicted
and invasive FFR. The decay-factor B (in Eq. 7) was fixed to a
value of 4 during the optimization of CT-FFRuytoregulation-
Fixation of B resulted in more reliable predictions, and the
value (B = 4) was specified through an initial optimization
procedure. Finally, we collected the predictions from the
pooled test set to obtain representative predictions for all
lesions.

use fixed model

Xmode] < 0.5
use autoreg. model

7Lmodel > 0.5

The relative importance of accounting for autoregulation
versus the influence of the intrinsic uncertainty in the
microvascular response on predicted CT-FFR was quantified
in terms of first-order Sobol indices, using the Monte Carlo
method as described by Saltelli (31).

(7" — Mixed,

(7‘ - kautoregulation )

Diagnostic accuracy, specificity, sensitivity, positive pre-
dictive value (PPV), and negative predictive value (NPV)
were calculated with a 95% confidence interval (CI) using
CT-FFR with a cutoff limit of <0.80 indicating hemody-
namic significance. Similarly, invasive FFR < 0.80 was con-
sidered hemodynamically significant. Accuracy, specificity,
and sensitivity were compared using McNemar’s test, with
a P value of < 0.05 considered statistically significant.
Correlations between CT-FFR predictions and invasively
measured FFR were assessed using the Pearson correlation
coefficient and the coefficient of determination. The
agreement between calculated and measured FFR-values
was assessed by Bland-Altman analyses, estimating 95%
limits of agreement. Receiver operating characteristics
(ROC) curves with areas under the curve (AUCs) were esti-
mated with a 95% CI and compared using the method of
DeLong (30).

Quantification of the Importance of Autoregulation by
Sensitivity Analysis

Previous studies have found a very strong influence on
CT-FFR predictions arising from uncertainty in adenosine
response (11-14). To evaluate the importance of including a
model which accounts for autoregulation, we performed a
Sobol sensitivity analysis that included two parameters:
Avariation aNd Amodel- HEre, Avariation represents the popula-
tion variation of the microvascular response, and Ay oge; Was
included as a discrete variable with options [Afxeds
Mautoregulation)- The population variation in the microvascular
YeSponse, Avariation, Was modeled as a gamma distribution
with shape parameter 3, scale factor 0.75 and shifted to
1. Such a distribution approximates the population variation
in the microvascular response to adenosine in reference or
nonischemic vessels (14). Effectively, Amoqer Was modeled as a
uniform distribution between 0 and 1, and depending on the
value, either the constant or the autoregulation model was
used to specify A in Eq. 3:

Avariation — ¢ inEq. 6)
Avariation — Mhealthy i Eq. 7).

Association between the Microvascular Response to
Adenosine and Patient/Lesion Characteristics: Feature
Analysis

We sought to establish potential relationships between
the microvascular response to adenosine and patient and

Table 2. Model agreement between CT-FFR and invasive FFR for the two different models for the microvascular

response
Model Mean Difference Std. Deviation Limits of Agreement Pearson r Coefficient of Determination (R?)
CT-FFRfixed —0.0175 0.1167 —0.246 t0 0.211 0.694 0.179
CT-FFRtoreguiation —0.0098 0.1006 —0.207 to 0.187 0.698 0.398
P value 0.013 0.9218

CT-FFR, computed tomography-derived fractional flow reserve; FFR, fractional flow reserve.
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Table 3. Diagnostic performance of CT-FFR for the two different models for the microvascular response

Model Accuracy Sensitivity Specificity PPV NPV AUC
CT-FFRfixed 78.2 (72.9-82.9) 58.1(48.1-67.7) 90.3 (84.9-94.2) 78.2 (68.9-85.3) 78.2 (74.0-81.9) 0.845 (0.797-0.885)
CT-FFRtoregulation 80.4 (75.2—-84.8) 68.6 (58.8-77.3) 87.4 (81.6—-92.0) 76.6 (68.4-83.1) 82.3 (77.7-86.1) 0.845 (0.797-0.886)
P value 0.238 0.0033 0.063 0.915

The numbers in parentheses indicate the 95% confidence interval. For accuracy, sensitivity, and specificity, the P value was compared
using McNemar’s test, whereas the P value for AUC was calculated using the method of DeLong et al. (30). PPV and NPV are prevalence-
dependent and were not directly compared in terms of statistical significance. CT-FFR, computed tomography-derived fractional flow
reserve; PPV, positive predictive value; NPV, negative predictive value.

vessel characteristics. For each patient, we had available versus invasive FFR. Here, the CT-FFR predictions for the
information about the sex, age, weight, height, body sur- fixed-response model and the model including autoregula-
face area (BSA), body mass index (BMI), ambulant heart tion were obtained as described in the cross-validation
rate, and clinical history (diabetes, dyslipidemia, hyper- experiment in Cross validation and comparison with invasive
tension, family history of CAD, atrial fibrillation, angina FFR. Similarly, Table 3 provides diagnostic performance for
status, smoking status). The F-score between all features the two models, and Fig. 3 provides a comparison of the mod-
and the target value Ainvasive (derived from invasive pres- els’ agreement with invasive FFR (left and middle) and a direct
sure data) was calculated. The F-score analysis is a quick comparison between the two models (right). Finally, Fig. 4
linear model for testing the effect of a single feature, shows the first-order Sobol sensitivity index from the sensitiv-
sequentially for many features. Given the relatively lim- ity analysis described in Quantification of the Importance of
ited number of cases evaluated, specific correction for Autoregulation by Sensitivity Analysis.

multiple testing was not performed. We used the F-score
to rank the features according to the association with the
derived microvascular response.

Estimation of the Microvascular Response to Adenosine
from Pressure Data

Table 4 provides summarized results from the estimation
RESULTS of the lesion/patient-specific microvascular response to aden-
osine derived from invasive pressure data (see described in
Baseline Charateristics Quantification of the microvascular response to adenosine).
The median value of Pd/Pa, FFR, and diameter stenosis from
Between March 2017 and March 2021, a total of 182 partici- quantitative coronary angiography (QCA) is also provided_
pants (mean age 61 yr, 63% males) were prospectively Furthermore, the data are presented for all lesions and strati-
enrolled. Intracoronary pressure measurements were per- fied according to lesion location and sex. Figure 5 provides a
formed successfully during hyperemia in 280 vessels in 156  graphical illustration of the derived microvascular response
patients included in the final analysis. One hundred sev- o adenosine versus Pd/Pa (left) and derived CFR versus FFR
enty-one of the vessels had additional resting state pressure (right). The prevalence of ischemia (FFR < 0.8) was 0.46,
measurements (i.e., pressure recordings before injection of  which was much higher for males (0.52) than for females
adenosine). Patient characteristics are listed in Table 1. (0.32). The prevalence of flow limitation according to CFR < 2
was 0.54 and was similar for males (0.54) and females (0.55).
Furthermore, Table 5 provides the summarized results from
the feature analysis on the microvascular response to adeno-
Table 2 provides the mean difference, standard deviation, sine for variables with a P value < 0.1. See Table 6 for the full
limits of agreement, and correlation metrics of CT-FFR overview of the feature analysis.

Importance of Including Autoregulation in CT-FFR
Modeling
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Figure 3. Scatter plot of CT-FFR vs. FFR for the fixed-response model (left) and autoregulation model (middle), and a direct comparison of CT-
FFRautoreguiation VS. CT-FFRyikeq (right). n = 280. CT-FFR, computed tomography-derived fractional flow reserve; FFR, fractional flow reserve.

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00442.2025 H163
Downloaded from journals.physiology.org/journal/ajpheart (095.249.041.200) on October 7, 2026.


https://doi.org/10.1152/ajpheart.00442.2025

()) RELEVANCE OF AUTOREGULATION IN CT-FFR-BASED DIAGNOSIS

All CT-FFR > 0.9

0.7 < CT-FFR <= 0.9 CT-FFR <= 0.7

1.00

1.00

0.75 0.75

¥ 0.50 0.50

0.25 0.25

0.00 0.00

Amodel

A variation

/\variation /\mmdel

1.00 1.00
0.75
0.50

0.25 0.25

0.00 0.00

/\model

A variation

/\variation /\mudel

Figure 4. Results from the sensitivity analysis presenting the first-order Sobol sensitivity index (S;) for quantification of the importance of accounting for
autoregulation (Amoger) relative to the natural variation in the microvascular response to adenosine (Ayariation). The sensitivity analysis indicated that autor-
egulation modeling had the highest relative influence on CT-FFR predictions in vessels with CT-FFR < 0.7, whereas for vessels with higher CT-FFR val-
ues, the influence of autoregulation modeling was minor. For high CT-FFR values, population variation/uncertainty in microvascular response
(irrespective of autoregulation mechanisms) was completely dominant. CT-FFR, computed tomography-derived fractional flow reserve.

DISCUSSION

From intracoronary pressure measurements, we estimated
the factor by which the resistance in the coronary microcircu-
lation is reduced from rest to hyperemia and found a signifi-
cant correlation (P value 0.008) of this parameter with the
severity of the epicardial stenosis. These findings inspired the
development of a CT-FFR algorithm with a lesion-specific
model for the hyperemic microvascular resistance that
accounts for coronary autoregulation (CT-FFRuytoregulation)-
The autoregulation model assumed increasing exhaustion of
the microvascular response for lower (normalized) perfusion
pressure, Pd/Pa. We compared this novel approach with a
fixed-response model that assumes a uniform microvascu-
lar response in all patients and vessels (CT-FFRgyeq). CT-
FFRautoregulation Provided predictions with significantly
reduced standard deviation (0.1006 vs. 0.1167, P value =
0.013), narrower limits of agreement, and improved coeffi-
cient of determination compared with CT-FFRgyeq. Moreover,
there was a significant improvement in the sensitivity to
detect ischemia-causing lesions (FFR < 0.8) for CT-
FFRautoregulation compared with CT-FFRgyeq (68.6 vs. 58.1,
Pvalue = 0.003). However, with respect to overall diagnos-
tic performance, no difference in AUC was observed. The
improvements in standard deviation and limits of agree-
ment were mainly driven by better agreement in predictions
in moderate to severe lesions, whereas predictions in low-
grade stenoses were less sensitive to the way hyperemia was

Table 4. Resting and hyperemic data for lesions with
Pd/Pa and hyperemic FFR measurements, including the
derived reduction of resistance (hipyasive) from rest to
hyperemia and CFR

Invasive Data Derived Data

ArteryorSex n  Pd/Pa[—] FFR[-] QCA[%] Ainaswvel—] CFR[-]
All 171 0943  0.820 435 2.40 1.92
LAD 104 0.937 0.820 38.0 2.25 178
Non-LAD 67 0.959 0.810 47.0 3.04 2.22
CX 29 0.955 0.760 51.0 315 2.50
RCA 36 0.959 0.815 46.5 2.80 2.14
Male 15 0.939 0.800 445 2.54 1.95
Female 56 0.948 0.850 41.5 217 1.82

Quantitative coronary angiography (QCA) is reported as percent
diameter stenosis, whereas the other metrics are unitless. CFR,
coronary flow reserve; CX, circumflex; FFR, fractional flow reserve;
LAD, left anterior descending artery; RCA, right coronary artery.
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modeled. This is natural because the behavior of the two mod-
els is similar in low-grade stenosis cases. The latter was also
made evident from our Sobol sensitivity analysis, which
showed that the applied model for autoregulation only played
a secondary role in lesions with CT-FFR values greater than
0.7. However, because CT-FFR models omit autoregulatory
mechanisms, optimization can yield an unfavorable sensitiv-
ity-specificity trade-off, as the fit is pushed to maximize agree-
ment metrics (e.g., the variance explained, standard deviation,
etc.) in addition to diagnostic performance. Hence, despite
providing similar AUC, the reduced variance, the improved R?
score, and a better trade-off between sensitivity and specificity
in CT-FFRaytoregulation Ultimately improve the overall credibil-
ity of the model compared with CT-FFRgyeq.

Although our coronary autoregulation model improved
agreement with FFR, variability in microvascular response
to adenosine (see Fig. 5) and sensitivity analysis (see Fig. 4)
suggest that additional factors are required to explain differ-
ences in adenosine response in symptomatic patients with
stable CAD. The feature analysis confirmed an association
between resting Pd/Pa and the microvascular response and
thus affirming the relevance of autoregulation mechanisms
in stable CAD. However, the analysis revealed that lesion
location had an even stronger association, with left anterior
descending artery (LAD) lesions exhibiting a lower response
than non-LAD lesions. The latter observation indicates a
regional dependence on vasomotor response in our cohort of
patients with stable CAD. However, these results are in con-
trast with the study by Wilson et al. (19), where a similar
increase in coronary blood flow velocity was observed in the
left coronary artery (CFR = 4.6) and the right coronary artery
(CFR = 4.4) in response to adenosine. Likewise, Bauman
et al. (32) reported similar vasodilator reserve in myocardial
tissue surrounding the right and left ventricles of dogs.
Importantly, the studies by Wilson et al. and Bauman et al.
only included healthy individuals, and it is known that even
moderate atherosclerosis is associated with a reduced CFR
(2). In agreement with our findings, a lower CFR was
observed in LAD versus non-LAD vessels/territories across
different degrees of disease in a recent study (33). This forms
a hypothesis that the regional variations in vasomotor
response might be caused by regional differences in regula-
tion in the presence of CAD. In the left ventricle, the high
resting level of oxygen extraction (70-80%) necessitates an
increase in coronary blood flow even at low levels of exercise
(34). For the right ventricle, oxygen extraction during resting
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Figure 5. Left: scatter plot of Pd/Pa vs. the microvascular
response to adenosine derived from invasive pressure
data, Ainvasive- The red line shows Eq. 7 fitted to the data,
which indicates a general decline in the derived microvas-
cular response to adenosine for increasing stenosis sever-
ity. This trend supports the hypothesis of increasing
expenditure of microvascular capacity due to autoregula-
tion mechanisms. However, a large amount of scatter is
present, indicating a large variability in the response, which
cannot be explained by autoregulation mechanisms. Right:

0.6

conditions is much lower (=50%), such that increased oxygen
demand can be achieved by both increased oxygen extraction
and by increasing blood flow via vasodilation (34). Hence,
there are regional differences in terms of the relative impor-
tance of regulating 1) oxygen extraction and 2) microvascular
resistance to meet supply demands in the myocardium. In
particular, our results indicate that the presence of moderate
CAD requires a greater exhaustion of the vasodilatory capacity
in the LAD than in non-LAD arteries. Furthermore, other
studies have found regional variations in resting perfusion
with particularly high levels in the anterior wall, but no sys-
tematic regional variation during hyperemia (35). This sug-
gests that certain regions may function at a level closer to
maximum capacity in the baseline state, making them more
vulnerable to disease and injury (35-37).

In addition to lesion location and Pd/Pa, ambulant heart
rate, height, body surface area, and sex showed the highest
F-scores and were most strongly linked to the reduction in
microvascular resistance from rest to hyperemia. Higher
heart rate, lower height, smaller body surface area, and
female sex were associated with a reduced microvascular
response. However, the variations in height and body surface
area were mainly driven by sex-related differences, with
males and females having significantly different distribu-
tions of height and body surface area according to the
Kolmogorov-Smirnov test (P value < 0.05). This is in agree-
ment with previous studies that have documented a higher
frequency of impaired microvascular function in females
(38-41) and thereby a lower microvascular response and a
reduced CFR compared with males (38, 40, 42). Heart rate

Table 5. Summary of the feature analysis for features
with a P value less than 0.1

Median Median Value of Ajnyasive
Feature Feature-Value Stratified by Feature P Value

LAD vs. non-LAD Lad: 2.25 1.2 x 1077
non-LAD: 3.05

Pd/Pa 0.93 Above median: 2.68 0.008
Below median: 2.30

Heart rate 66 beats/min  Above median: 2.34 0.023
Below median: 2.56

Height 175 cm Above median: 2.73 0.038
Below median: 2.15

BSA 2.0 kg/m? Above median: 2.54 0.065
Below median: 2.33

Sex Male: 2.54 0.086
Female: 2.17

See Table 6 for the full overview of the feature analysis. Heart
rate is given in beats/min, height in cm, and body surface area

(BSA) in kg/m?>.
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scatter plot of FFR vs. the derived CFR. n= 171. CFR, coro-
nary flow reserve; FFR, fractional flow reserve.

was also different for males and females, with females hav-
ing a higher heart rate than males (68 vs. 65), which means
that the association with the microvascular response could
in part be explained by physiological variations related to
sex. However, the sex-related difference in heart rate was
not significant (P value = 0.41). It is more likely that the
association between heart rate and the microvascular
response could be explained by increased levels of basal
flow in patients with high heart rate, as the oxygen
demand required for contraction correlates closely with
heart rate (43-45).

The prevalence of microvascular dysfunction (most fre-
quently classified by a reduced CFR < 2) in patients with
angina or demonstrable ischemia but without obstructive
epicardial disease is 41% according to a recent meta-analysis,
and is higher in females than in males (46). A reduced CFR
in reference vessels (i.e., vessels with less than 30% diameter
stenoses) in stable CAD patients was also found to be associ-
ated with an increased rate of fatal events, which was attrib-
uted to an impaired coronary autoregulation according to a
study by Hoef et al. (42). The indication of an impaired
autoregulation was represented by elevated levels of basal
flow and was more frequent in females than in males. In
other words, microvascular dysfunction is a highly prevalent
and heterogeneous disease that is difficult to diagnose (47),
which might also explain the lack of improvement in overall
diagnostic performance from our simplified model for coro-
nary autoregulation. Nevertheless, our results are in agree-
ment with previous findings that demonstrate higher rates
of ischemia induced by focal disease in males (FFR < 0.8)
(48, 49), whereas females tend to have stronger indications
of impaired microvascular response (38, 40, 42). And
although the demonstration of ischemia with FFR < 0.8 or
the presence of a significant lesion on invasive coronary
angiography is normally considered an indication for revas-
cularization, microvascular disease is often left undiag-
nosed. Consequently, the absence of a flow-limiting stenosis
may be falsely interpreted as evidence that the symptoms of
the patient are noncardiac in nature and irrelevant for
patient prognosis (47). However, anginal chest pain arising
from microvascular dysfunction with and without focal dis-
ease receives increasing attention in contemporary guide-
lines (50). Still, major knowledge gaps exist with several
unresolved issues that need to be investigated within this
topic (51). In this study, we combined invasively derived
pressure at rest and during hyperemia with CCTA-derived
geometry and computational fluid dynamics to derive both
flow and resistance data. This made it possible to separate
the actual increase in blood flow (CFR) from changes in
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Table 6. F-statistic and P value for the full list of features

Feature F-Statistic P Value
LAD vs. non-LAD 30.392 0.000
Pd/Pa 7.231 0.008
HR 5.231 0.023
Height 4.378 0.038
BSA 3.444 0.065
Sex 2.975 0.086
Weight 2.278 0.133
Hypertension 1.536 0.217
Angina 1.290 0.258
Dyslipidemia 1.012 0.316
Age 0.656 0.419
Atrial fibrillation 0.398 0.529
Family history of CAD 0.290 0.591
BMI 0.099 0.753
Smoke 0.093 0.761
Diabetes 0.078 0.781

BMI, body mass index; CAD, coronary artery disease; LAD, left
anterior descending artery.

microvascular resistance, giving new insight into how the
microvascular response to adenosine varies and how autore-
gulation relates to patient and vessel characteristics in stable
CAD. In Fig. 6, we illustrate the added value of extended
physiological evaluation in the interpretation of disease- and
symptom-presentation for two cases with typical angina but
with divergent pathophysiology.

Limitations

The number of patients and lesions included in this study
was limited, preventing a proper multivariate analysis, which
could potentially have revealed other relationships between
patient characteristics and the microvascular response to
adenosine. In particular, previous studies have found reduced

response in patients with diabetes mellitus and hypertension
(52, 53), whereas we did not find such an association in our
cohort. Furthermore, there are studies that indicate an associa-
tion between plaque characteristics and the downstream
microvascular response, which is independent of the degree of
stenosis (54, 55). Unfortunately, data on plaque morphology
were not available in the present study. Stable CAD represents
a heterogeneous group of patients with a high variety of
obstructive disease and microvascular response. Moreover,
the skewed number of females versus men, and in particular,
the low number of female patients was a hindrance to per-
forming individual feature analysis stratified by sex. Studies in
much larger populations are needed to fully analyze the asso-
ciation between focal disease, microvascular response, and
patient and lesion characteristics.

Previous studies have shown that a combination of angi-
ography-derived anatomy and pressure data with compu-
tational fluid dynamics can reliably estimate flow and
resistance (56). However, errors in segmented geometry,
combined with the optimization process used to align with
invasive pressure data, can affect the estimation of derived
flow and resistance metrics. The right part of Fig. 5 shows
the derived CFR versus invasive FFR, which is qualita-
tively similar to previous comparisons of invasive CFR ver-
sus FFR (2). However, although a modest but significant
linear relationship between CFR and FFR was found in Ref. 2,
we did not find a significant linear relationship in our data.
This could be related to the exclusion of lesions with low rest-
ing AP (Pd/Pa > 0.99) in our analysis, which can be reflected
in the underrepresentation of healthy cases (i.e., high FFR) in
the right part of Fig. 5 compared with the data reported in
Ref. 2. Nevertheless, future validation studies should focus on
the comparison of CCTA-derived (changes in) flow and resist-
ance with other noninvasive (positron emission tomography)

Stenoses location: —>  Measurement location: —>
1.0
. SR Loss
Figure 6. Two example patients with typical angina. The top - Lo9o 8
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tation of the derived microvascular response to adenosine g LN 08 %
in the different regions of the left ventricle). The bottom row o I g 0.75
shows data during hyperemia (FFR and the derived flow $ o 0.7
increase from rest, CFR, to the different regions of the left o © I 453
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and invasive approaches (invasive Doppler ultrasound and
thermodilution) for quantifying flow and resistance.

Conclusions

We developed a novel method for the estimation of hyper-
emic microvascular resistance in CT-FFR models that
accounts for autoregulation. We compared this autoregula-
tion-aware model with a fixed-response model in which the
hyperemic microvascular resistance is derived from basal
levels, assuming a uniform response across all patients and
lesions. CT-FFRaytoregulation Provided predictions with signifi-
cantly lower standard deviation, narrower limits of agree-
ment, and a higher coefficient of determination compared
with CT-FFRgyeq. However, no difference in diagnostic per-
formance (AUC) was observed. Sensitivity analysis revealed
that factors in addition to autoregulation are required to
account for the observed variability in the microvascular
response to adenosine in patients with stable CAD. We found
a significant difference in microvascular response to adeno-
sine depending on lesion location, with markedly lower
response in LAD lesions. We hypothesize that the regional
difference may be related to distinct regulatory pathways,
where LAD vessels require greater exhaustion of vasodilatory
capacity in moderate CAD. Furthermore, we observed associ-
ations between the microvascular response to adenosine and
patient sex, as well as sex-related features such as height and
body surface area. These findings may relate to known sex-
specific differences in CAD presentation, including a higher
prevalence of impaired coronary autoregulation and micro-
vascular dysfunction in females. By combining image-based
vessel geometry with invasive pressure data at rest and dur-
ing hyperemia, we gained new insights and identified oppor-
tunities for improved research and diagnosis in patients
with both focal and microvascular coronary disease.
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