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Abstract

Pulmonary hypertension due to left heart disease (PH-LHD) is the most common form of pulmonary hypertension (PH),
accounting for 65-80% of cases, and is associated with significant morbidity and mortality. PH-LHD is traditionally
considered a passive condition, primarily driven by elevated left heart pressure, which increases pulmonary venous pressure.
However, vasopressors, such as phenylephrine, frequently used in critical care to enhance vascular tone, can induce another
form of passive PH. This vasopressor-induced PH shares hemodynamic similarities with PH-LHD, characterized by increased
pulmonary blood volume and left atrial pressure, and exerts additive effects on pre-existing PH-LHD, exacerbating pulmonary
congestion and worsening clinical outcomes. The interaction between vasopressors and PH-LHD is often overlooked, yet it
poses significant risks, particularly in patients with heart failure. This review explores the pathophysiology of passive
PH-LHD, the mechanisms of vasopressor-induced PH, and their additive effects. We also highlight the challenges in
diagnosing passive PH, which is frequently misclassified as pulmonary arterial hypertension (PAH), leading to inappropriate
treatment and potential harm. Current therapeutic strategies, such as diuretics and blood volume management, are discussed as
potential approaches to mitigate these effects. Improved understanding of these mechanisms is crucial for optimizing treatment
and reducing morbidity and mortality. Future research is needed to develop targeted therapies and improve outcomes for
patients with PH-LHD and vasopressor-induced PH.
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1. Introduction

Pulmonary hypertension (PH) is defined as a mean pul- pulmonary hypertension, dividing it into five subgroups: (1)
monary artery pressure (mPAP)> 25 mm Hg at rest, during pulmonary arterial hypertension (PAH), (2) PH associated
right heart catheterization and is estimated to affect about 1%  with left heart disease, (3) PH associated with lung diseases
of the global population [1-5]. The 2022 ESC/ERS guidelines  and/or hypoxia, (4) PH associated with pulmonary artery
provide a comprehensive and simplified classification of  obstructions, and (5) PH with unclear and/or multifactorial
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mechanisms [3]. Recently, with better understanding of the
underlying pathological processes, PH is also classified into
pre-capillary (pulmonary arterial wedge pressure, PAWP <15
mm Hg) and post-capillary PH (PAWP > 15 mm Hg) [3, 6].
Post-capillary PH, caused by downstream elevation in left
heart pressure is also considered to be passive [5]. Addition-
ally, both clinical and animal studies showed that administra-
tion of vasopressors can induce PH. It has been proposed that
the underlying pulmonary hemodynamic pattern of vaso-
pressor-induced PH is similar to the passive PH-LHD [7-10].
Moreover, vasopressor induced passive PH has an additive
effects on PH-LHD [11, 12], that may exacerbate cardiac
decompensation. However, both vasopressors induced pas-
sive PH and its interaction with PH-LHD is often clinically
ignored. And there is a lack of sufficient data on the clinical
prevalence or status of this passive PH. Consequently, the
detrimental impact of this phenomenon may exceed initial
expectations. A deeper comprehension of how vasopressors
influence pulmonary hypertension associated with left heart
disease is crucial for enhancing treatment strategies for left
heart disease. Such advancements would ultimately lead to a
reduction in both the morbidity and mortality rates among
patients suffering from heart failure (HF).

In this study, our primary objective is to highlight the sig-
nificance and mechanism of vasopressor-induced PH, and its
interaction with PH-LHD. We also provide insights into the
limitation of current diagnosis, and discuss therapeutic op-
tions in this context.

2. Pathophysiology of Passive PH-LHD

PH-LHD, the most common cause of PH, accounts for
65~80% of cases. PH-LHD is associated with high morbidity
and mortality [4]. PH-LHD is believed to be caused by pas-
sive downstream elevation in left heart pressure or by a
combination of the passive elevation in left heart pressure
with pulmonary arteriolar pathologies at late stage [4].
Therefore, the hemodynamic patterns of passive PH is an
elevation of left-side filling pressure, caused by systolic or
diastolic left ventricular dysfunction [13].

However, the pathophysiology of passive PH-LHD is more
complex and remains inadequately defined. It is reported that
in the systemic circulation, downstream filling pressure of
right atrium contributes little (5%) to systemic arterial pres-
sure; whereas, in the pulmonary circulation, downstream
filling pressure of left atrium contributes substantially to
(mPAP) (50%) [14], which will be even greater in HF.
Therefore, in the early stages of PH-LHD, with normal
transpulmonary gradient (TPG) and pulmonary vascular re-
sistance (PVR), increase of PAP related to elevation in left
atrial pressure (LAP) may be purely passive, as a result of
systolic or diastolic left ventricular (LV) dysfunction [12, 13].
A sudden rise in LAP can lead to ‘alveolar-capillary stress
failure,' resulting in reversible barotrauma. This trauma alters
endothelial permeability, compromises cellular integrity, and
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allows erythrocytes and proteins to leak into the alveolar
lumen, ultimately leading to interstitial and alveolar edema
[5]. Nevertheless, the pulmonary—capillary interface exhibits
remarkable elasticity, being able to restore its integrity after
normalization of LAP at this stage [15]. However, a pro-
longed elevation in left-side filling pressure and pulmonary
venous pressure can result in excessive vasoconstriction with
or without vascular remodeling in the alveolar—capillary
membrane interface and at the arteriolar and pulmonary artery
levels [5]. Structural and functional alterations within the
pulmonary vasculature, such as reduced nitric oxide bioa-
vailability, elevated endothelin-1 levels, diminished respon-
siveness to natriuretic peptide-mediated vasodilation, in-
flammatory cell infiltration, and the influence of neurogenic
or metabolic mediators, may collectively drive the process of
microvascular remodeling [16, 17]. The remodeling reduces
membrane conductance and gas exchange [18]. Additionally,
hypoxia promotes vasoconstriction [19]. These factors col-
lectively have the potential to induce vasoconstriction in the
pulmonary arteries, ultimately leading to the progressive
structural remodeling of pulmonary resistance vessels over
time [5]. At this stage, mPAP increases further, in excess of
the elevation of PAWP [20, 21]. Therefore, these stages of PH
are defined as reactive, when structural and functional ab-
normalities of the pulmonary vasculature cause elevation in
PVR and TPG. Microscopic alterations involve the thickening
of the alveolar-capillary barrier, hypertrophy of the medial
layer, intimal and adventitial fibrosis, and luminal occlusion
in small pulmonary arterioles, whereas ‘plexiform lesions’
pathognomonic of PAH are not usually found [22, 23]. These
changes may be either reversible or fixed. The duration of the
transition from passive to reactive PH stage is highly variable
among individuals and is not consistently related to severity
of elevation in LAP [12].

3. Pathophysiology of
Vasopressor-induced Passive PH

Vasopressors (phenylephrine, vasopressin) and vasoactive
catecholamine inotropes (dopamine, epinephrine, norepineph-
rine) are frequently used in patients with severe left heart dis-
eases, HF, cardiogenic shock, post cardiac surgery vasoplegia,
post cardiac surgery hypotensive states, or resuscitation, in
order to increase myocardial contractility and vascular tone [7,
24-26]. However, administration of vasopressors may induce
passive PH, characterized by elevation of pulmonary blood
volume, left atrial pressure and pulmonary capillary wedge
pressure (PCWP), which is similar to left heart diseases.

Vasopressor-induced PH is another subcategory of passive
PH [11]. Research involving both human subjects and animal
models has demonstrated that vasopressor agents are capable
of triggering PH [8, 27, 28]. It has been proposed that vaso-
pressors induce PH via direct drug-induced pulmonary vas-
oconstriction [8, 10, 29]. However, our recently published
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work showed that the hemodynamic pattern of vasopres-  from systemic to pulmonary circulation, including a decrease
sors-induced PH is similar to that of passive PH-LHD. This in the capacity of the systemic vascular system and an in-
pattern is marked by increased pulmonary blood volume, crease in steady-state venous return to right atrium. And this
elevated left atrial pressure, and higher PCWP, while showing in turn affects the output of the right ventricle, leading to
minimal impact on pulmonary vascular resistance and right pulmonary congestion and pulmonary hypertension [30]. On
atrial pressure [11]. the other hand, the elevation in left ventricular afterload re-

In our study, phenylephrine from 1 to 2 mcg/kg/min lated to increasing systemic blood pressure may impair left
dose-dependently increased both LAP and PAP, while TPG,  ventricular function (Figure 1). Therefore, vasopres-
PVR and RAP (right atrial pressure) remained unchanged [11].  sor-induced PH is caused by blood volume redistribution from
Additionally, we measured the pulmonary blood volume  systemic to pulmonary circulation, and increased pulmonary
using Sono Vue contrast agent, and found that the elevated PH blood volume, but not by pulmonary vasoconstriction. Thus,
induced by vasopressor is accompanied by increased pulmo-  vasopressor-induced PH should be classified as passive PH
nary blood volume. Since vasopressors strongly constrict ~ [11]. This type of PH may give rise to functional lesion of
systemic vasculature, and lead to blood volume redistribution  lungs, left and right ventricles (Figure 1).

Vasopressor
agents
Systemic arterial quod pressure
vasoconstriction increases

|

Blood volume redistributes
from systemic to

pulmonary circulation Left ventricular
afterload

increases

Y

LAP and PCWP increase — Left ventricular preload increases

Pulmonary congestion . 'I' .
with normal TPG Left ventricular myocardial

blood flow decreases

\ 4

Pulmonary hypertension
1 v
Pulmonary dysfunction | | Right ventricular dysfunction Left ventricular dysfunction I

Figure 1. Vasopressor agent-induced passive pulmonary hypertension and its adverse effects. This type of pulmonary hypertension is char-
acterized by increased LAP, PCWP and pulmonary arterial pressure, as well as normal TPG and central venous pressure (CVP). This type of
pulmonary hypertension may cause functional lesion of lungs and both ventricles. Administration of vasopressor agents may induce systemic
arterial constriction, and even venous constriction if the dosage is excessive Systemic vascular constriction pushes blood volume from systemic
to pulmonary circulation. The resulting pulmonary congestion increases LAP, followed by an increase in PCWP, ultimately inducing pulmonary
hypertension. The TPG remains normal. Pulmonary congestion may reduce pulmonary function, and passive pulmonary hypertension may
reduce right heart function. In the event of right heart compensation, CVP remains normal. Increased left ventricle preload compromises
myocardial perfusion by raising LV filling pressures, reducing the coronary perfusion gradient and increasing myocardial oxygen requirements.
Decrease in coronary perfusion, together with an increase in both pre- and afterload, may induce left ventricle dysfunction.

mmHg) and PAP (from 20 £4 to 31 £5 mmHg) [11]. The
.. infusion of phenylephrine (1 mcg/kg/min) led to a further rise
4. Additive Effects of Vasopresso rson PH in PAP by 31% and left atrial pressure by 43%, while having
During Cardiac Dysfu nction minimal impact on pulmonary vascular resistance (4%) and
the trans-pulmonary gradient (2%). Therefore, there is an

Since both vasopressor-induced PH and PH-LHD are pas-  additive interaction between phenylephrine and left myocar-
sive characterized with increases in pulmonary blood volume, dial dysfunction in PH patients. More importantly, vaso-
PCWP and LAP, vasopressor therapy may aggravate  pressors, like phenylephrine, can exacerbate PH in individuals

PH-LHD. Indeed, according to our previous study, left ven-  with cardiac dysfunction via the additive effects of these
tricle dysfunction increased both LAP (from 11 £4 to 23 =5
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agents on PH in the context of impaired cardiac function,
potentially worsening clinical symptoms and overall out-
comes [11]. This may explain why adverse reactions are
greater than anticipated when vasopressin is given to patients
with septic shock, who have coexisting heart diseases [31].

Interestingly, a predominant feature of passive PH is its
dependence on volume status. Consequently, in clinical prac-
tice, PH-LHD can be alleviated by diuretics [11]. Similarly,
patients with vasopressor-induced PH may likewise benefit
from diuretics therapy as part of their treatment regimen [32].
Accordingly, reducing blood volume through therapeutic
interventions may prove beneficial in prevention and treat-
ment for both PH-LDH and vasopressor-induced PH, and in
alleviation of their additive effects.

5. Clinical Relevance

Since PH-LHD constitutes the predominant etiology of PH,
coupled with the widespread utilization of vasopressors in
intensive care environments, the passive PH is likely to exhibit
higher prevalence rates and pose a more significant influence
on clinical outcomes, including disease advancement, compli-
cation rates, and patient survival. The occult nature of vaso-
pressor-induced passive PH and PH-LHD may result in un-
derestimation of the occurrence. It has been noticed that right
atrial pressure, typically assessed through central venous
pressure monitoring in clinical practice, maintains stability
regardless of whether patients are receiving high-dose vaso-
pressors therapy or experiencing left cardiac dysfunction [11].
Therefore, its harmfulness may be greater than anticipated, and
this tends to be underestimated in the left heart disease patients.
On the other hand, targeted therapies available for passive PH
have not been adequately evaluated and current treatment for
PAH may even aggravate passive PH [5]. Patients with passive
PH are often erroneously categorized as having PAH, leading
to inappropriate administration of PAH-targeted pharmaco-
logical therapies. Such therapeutic misdirection could poten-
tially exacerbate pulmonary vascular dilation and augment
pulmonary circulation volume, particularly in cases where
elevated left ventricular filling pressures are present. Thus, this
therapy in turn exacerbates pulmonary edema and cardiac de-
compensation. Consequently, accurate diagnostic evaluation
and proper classification of PH must be established prior to
initiating any therapeutic interventions.

Enhancing our comprehension of the underlying patho-
physiological mechanisms in passive PH is crucial for devel-
oping standardized, evidence-driven therapeutic strategies for
affected patients. Of particular clinical significance is the sub-
stantial influence of increased PAWP in individuals with pas-
sive PH, which necessitates focused clinical consideration.
Effective management of the causative LHD, encompassing
both pharmacological interventions and procedural approaches,
serves to reduce both left ventricular filling pressures and PAP
[5]. However, therapeutic volume reduction typically correlates
with significant decreases in both PAWP and PAP [5]. Con-
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sequently, in the CHAMPION trial, strategic management of
HF through optimized therapeutic approaches, particularly
diuretic titration for volume control, resulted in substantial PAP
reduction and a marked decrease in HF-related hospital ad-
mission rates [33]. Taken together, blood volume management
should be an important method in prevention and treatment for
passive PH to a certain extent. Furthermore, the utilization of
LV assist devices can effectively reduce pulmonary vascular
pressures by facilitating wventricular decompression, while
simultaneously maintaining a favorable safety profile regarding
RV dysfunction following implantation [34, 35].

6. Prospective

Notwithstanding significant progress in elucidating the
pathophysiological mechanisms underlying passive PH and
enhanced clinical management approaches, patient outcomes
remain suboptimal. Identifying passive PH and compre-
hending its fundamental pathophysiological processes could
enhance clinical management strategies for critically ill indi-
viduals requiring vasopressor therapy, especially for those
with coexisting heart diseases. However, targeted therapies
have never been investigated properly in this condition. Thus,
a multi-center clinical study exploring the effect of vaso-
pressors on passive PH-LHD is in urgent needed.

Abbreviations

PH-LHD  Pulmonary Hypertension Due to Left Heart
Disease

PH pulmonary Hypertension

PAH pulmonary Arterial Hypertension

mPAP Mean Pulmonary Artery Pressure

PAWP Pulmonary Arterial Wedge Pressure

HF Heart Failure

TPG Transpulmonary Gradient

PVR Pulmonary Vascular Resistance

LAP Left Atrial Pressure

PCWP Pulmonary Capillary Wedge Pressure

RAP Right Atrial Pressure

CVP Central Venous Pressure

Lv Left Ventricular
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