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Simple Summary: Multiple myeloma is a plasma cell disorder that accounts for around 10% of all
haematological malignancies. This neoplasia is often associated with a significant prevalence of
cardiovascular complications resulting from several factors, unrelated and/or related to the disease.
Among cardiovascular complications, the high output heart failure is of great importance as it is
related to a worse prognosis for patients. It is important to point out that, despite the availability of
more and more numerous and effective drugs, myeloma remains an incurable disease, with frequent
relapses and several treatment lines, with the need, therefore, for a careful evaluation of patients,
especially from a cardiological point of view. For this reason, we are proposing a comprehensive
overview of different pathogenetic mechanisms responsible for high output heart failure in multiple
myeloma, including artero-venous shunts, enhanced angiogenesis, glutamminolysis, hyperammone-
mia and hemorheological alterations, with the belief that a multidisciplinary approach, in clinical
evaluation is critical for the optimal management of the patient.

Abstract: The high output heart failure is a clinical condition in which the systemic congestion is as-
sociated to a high output state, and it can be observed in a non-negligible percentage of hematological
diseases, particularly in multiple myeloma, a condition in which the risk of adverse cardiovascular
events may increase, with a worse prognosis for patients. For this reason, though an accurate litera-
ture search, we provided in this review a complete overview of different pathogenetic mechanisms
responsible for high output heart failure in multiple myeloma. Indeed, this clinical finding is present
in the 8% of multiple myeloma patients, and it may be caused by artero-venous shunts, enhanced
angiogenesis, glutamminolysis, hyperammonemia and hemorheological alterations with increase in
plasma viscosity. The high output heart failure in multiple myeloma is associated with significant
morbidity and mortality, emphasizing the need for a multidisciplinary approach.

Keywords: high output heart failure; multiple myeloma; artero-venous fistulae; angiogenesis;
glutamminolysis; hyperammonemia; plasma viscosity

1. Introduction

High output heart failure (HOHF) is a clinical condition in which the systemic con-
gestion is associated with a high output state, and it is characterized, at rest, by a cardiac
output greater than 8 L/min or a cardiac index > 3.9 L/min/m2 [1–3]. The cardiac index is
a cardiovascular hemodynamic parameter, and it is obtained by dividing the cardiac output
by the body surface area with a normal range of 2.2 to 3.5 L/min/m2. Congestive heart fail-
ure is a complex syndrome with several symptoms and signs, including dyspnea, increased
fatigability, tachypnea, tachycardia, pulmonary rales, and peripheral edema. Usually, this
syndrome is associated with low cardiac output, but it may also occur in several so-called
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high output states, with a normal, or greater than normal, cardiac output. Usually, the most
common causes of HOHF, through pathogenetic mechanisms of vasodilatation and/or
artero-venous shunting, include severe anemia, arteriovenous fistulas (acquired and/or
congenital), Paget’s disease with bone involvement exceeding 15%, chronic hypercapnia,
hyperthyroidism and thyrotoxicosis, sepsis, beriberi, obesity during pregnancy, chronic
liver disease and carcinoid syndrome (Figure 1). Furthermore, HOHF can be found [4] in a
non-negligible percentage (8%) of patients with hematological disorders, particularly in
multiple myeloma (MM).
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MM is the second most common hematologic malignancy, and it is included in the
spectrum of plasma cell dyscrasias. It is preceded in most cases by a precursor disease, with
gammopathy of unknown significance (MGUS) being the most frequent. Primary plasma
cell leukemia is a rare and more aggressive form of MM. MM is a disease more frequently
observed in the older population, and it is associated with significant morbidity due to its
end-organ destruction, including possible cardiovascular complications.

HOHF has been described in patients with MM repeatedly, but it is often underesti-
mated in this disease. It occurs because of reduced vascular resistance associated with a
compensatory increase in cardiac output. Generally, symptoms include dyspnea, at rest
and/or under exertion, intolerance to physical exercise, asthenia, and hydro-saline reten-
tion, while the objective data includes tachycardia, tachypnea, increased jugular venous
pressure, pulmonary rales, pleural effusion, and peripheral oedema.

As is known, the diagnosis of HOHF is carried out with the use of a teleradiogram,
an accurate echocardiographic examination and a blood gas measurement, even if the
gold standard is certainly invasive hemodynamic investigation. The diagnosis must be
particularly accurate because patients with HOHF show a marked increase in mortality [4],
with a prognosis that seems to vary according to the different responsible causes. The
treatment for each clinical disorder responsible for HOHF turns out to be different even if
the hydro-saline retention therapy can only include the use of diuretics under constant and
careful monitoring of the electrolytes.

In the case of MM, it should be remembered that many patients may present cardiovas-
cular risk factors and/or comorbidities at diagnosis and, in addition, the disease itself can
have negative effects, direct or indirect, on cardiac function. It should also be considered
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that MM patients are usually exposed to different types of treatments, usually with the
association of several drugs, and each of them can increase the risk of adverse cardiovascu-
lar events. Furthermore, in patients with MM the incidence of venous thromboembolism
varies from 3% to 10%, the possibility of congestive heart failure is around an average of
8% and those who have received steroid treatment and at least three different anti-MM
therapies have arterial hypertension in 36% of cases. Another noticeable complication
during the treatment of these patients appears to be the presence of elongated QT on the
ECG evaluation [5]. For this reason, it is very important to perform a careful assessment of
the cardiovascular risk in these patients, both before and during the treatment, exploiting a
multidisciplinary approach with a cardio-oncological support [6].

In this manuscript, our aim is to provide a complete nosographic framework about
the conditions that can cause an HOHF in MM patients. Some papers in the literature
have tried to describe the possible etiologies of HOHF, but, in the specific case of MM,
this review would be the first paper in which a complete examination of the possible
pathways of HOHF is provided. Among pathogenetic mechanisms considered responsible
for the development of HOHF in MM patients, we can find artero-venous shunts, enhanced
angiogenesis, glutamminolysis and hyperammonemia and hemorheological alterations
(Figure 2).
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Figure 2. Factors linked to the high-output heart failure (HOHF) in Multiple Myeloma.

2. Methods

We consulted MEDLINE (PubMed) electronic databases for English language papers
using a list of specific search terms, such as “high output cardiac failure” and “cardiac
failure and multiple myeloma”. Papers were also screened in the reference list of relevant
reviews/articles. Original articles, reviews, case reports, case series and letters to the editor
from all years of publication have been reviewed.

3. Artero-Venous Shunts

From the moment in which the first reports of HOHF in patients with MM occur [7,8]
it was considered that the possible pathogenetic moment of this altered hemodynamic
structure must largely refer to the presence of artero-venous shunt within the bone lesions
that accompany the course of the disease often. Therefore, this hypothesis led some authors
to believe that the presence of a condition of HOHF was almost exclusive to MM cases
with an extensive and marked bone involvement. In this regard, in a clinical research [9]
including 34 patients with MM, 8 presented a high cardiac output evaluated with the use
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of a two-dimensional echocardiography integrated using pulsed doppler, with a bone
involvement resulting in 100% of patients; in the group without HOHF (26 patients), the
bone involvement was only 35%. Other authors, after evaluating the cardiac output with a
pulsed doppler echocardiograph in a group of 28 MM patients, had also theorized that in
patients with MM, the only risk factor for the onset of a syndrome of high cardiac output
was the presence of osteolytic lesions [10].

Other researchers [11] had demonstrated in 11 patients with MM—with the scintig-
raphy technique carried out with the use of Tc-labeled albumin macroaggregates—an
artero-venous shunt equal to almost 19%, and they had described a significant and positive
correlation between the values of the shunt and the cardiac index.

However, the presence of artero-venous shunts in patients with MM with a central
venous saturation greater than 75%—cannot be referred only to the osteolytic areas; almost
all are present in the flat bones that are not accompanied by any periosteal reaction.

Moreover, it should be remembered that the marked angiogenic activity, particularly
in the intramedullary area, is responsible for innumerable artero-venous fistulas within
the bone marrow, which can facilitate the hemodynamic condition underlying the HOHF
observable in MM patients. Furthermore, other authors [12] have considered that the site
of the artero-venous shunt may also be in the splenic area. In this regard, it has been
hypothesized that the increase in splenic flow secondary to splenomegaly could contribute
to the hemodynamic condition of high cardiac output. Indeed, the splenic blood flow
can represent almost 55% of the entire cardiac flow [13]. However, it must be underlined
that splenomegaly is very rare in MM patients, and the few described cases in the lit-
erature are those of patients with a simultaneous presence of acquired hemophagocytic
lymphohistiocytosis, myeloproliferative neoplasms and AL amyloidosis [14–16].

Finally, cases of patients with plasma cell dyscrasia (specifically plasma cell leukemia)
with an HOHF condition but without documented osteolytic lesions are also documented
in the literature [17,18]. For these reasons, the role of intraosseous artero-venous shunts as
a main contributing cause of high cardiac output has been resized.

4. Enhanced Angiogenesis

Another possible pathogenetic mechanism of HOHF can be found in the altered and
marked angiogenetic activity that characterizes MM, a very interesting topic in recent years
analyzed by various research groups [19–27].

Angiogenesis represents the production of new vessels from a pre-existing vasculature
that happens in both physiological and pathological conditions. This event begins with a
vasodilation and with an increased permeability of existing vessels. The alteration of the
surrounding matrix allows the activated and proliferating endothelial cells to migrate and
develop lumens. Later, these cells differentiate and mature into an intricate complex of
vessels, sustained by peri-endothelial cells and matrix.

In physiological conditions, angiogenesis depends on the balance of positive and
negative angiogenic modulators. In neoplastic conditions, the angiogenesis is due to a
switch of this balance, and it mainly depends on the production of growth factors able to
stimulate the growth of the host’s blood vessels [28]. Several papers have demonstrated
that the degree of angiogenesis and/or the levels of angiogenic factors are related to disease
stage and its prognosis, suggesting that angiogenesis is a key factor in control of tumor
progression [29].

In hematological diseases, the bone marrow angiogenesis plays an important role
in the pathogenesis and progression of the malignancies. It is well known that tumor
microenvironment promotes angiogenesis, proliferation, invasion, and metastasis and
mediates mechanisms of therapeutic resistance [30].

In MM, the angiogenesis is an important feature, especially in the progression from
MGUS to MM. It is induced by angiogenic factors released by cells composing the microen-
vironment with a specific prognostic value [31].
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It is important to underline that normal plasma cells express a lot of pro-angiogenic
factors, able to induce in vitro angiogenesis. This angiogenic stimulus is further increased
in MM, due to the aberrant expression of pro-angiogenic and downregulation of anti-
angiogenic genes by plasma cells. Rajkumar et al. [32] have demonstrated, in a group
of 400 patients, a progressive increase in bone marrow microvascular density in several
plasma cell disorders, including primary amyloidosis, MGUS, smoldering and active MM.
Other papers have described a correlation between bone marrow (BM) microvascular
density and progression-free survival and overall survival in MM patients [33]. Moreover,
BM microvascular density decreases significantly in patients achieving a remission, but not
in patients who had no response to therapy [34].

Within the BM microenvironment, stromal cells (BMSCs), hematopoietic stem cells
(HSCs), fibroblasts, osteoblasts/osteoclasts, adipocytes, endothelial precursor cells (EPCs),
T lymphocytes, macrophages, and mast cells increase the concentration of angiogenic
factors by direct secretion or after stimulation by myeloma cells or endothelial cells, through
paracrine interactions. BMSCs, osteoclasts, osteoblasts and endothelial cells secrete several
molecules, including vascular endothelial growth factor (VEGF), fibroblast growth factor-
2 (FGF-2), tumor necrosis factor alpha (TNF-alpha), hepatocyte growth factor (HGF),
interleukin-6 and -8, osteopontin (OPN), angiopoietin-1 (Ang-1), B-cell activating factor,
stromal cell-derived factor 1 (SDF-1), and various Notch-family members [35].

MM cells secrete VEGF and FGF-2 that induce the cells of the tumor microenvironment
to secrete their own VEGF, FGF-2, and HGF, able to recruit and activate the MM-associated
macrophages. In active MM, bone marrow macrophages contributed to the angiogenesis
through a vasculogenic mimicry. When exposed in vitro to VEGF and FGF-2, tumor
macrophages differentiated into cells like MM endothelial cells, able to generate in vitro
capillary-like networks.

Among factors inducing the angiogenesis phenomenon in MM, an important role
is played by the hypoxia-inducible factor (HIF). As it is known, HIF is a heterodimer
comprising HiF-1 alpha and HiF-1 beta subunits, both of which are basic helix-loop-helix
transcription factors. HiF-1 beta is a nuclear protein constitutively expressed independent of
O2 tension, while HiF-1 alpha is a cytoplasmatic protein responsive to O2 tension. Generally,
the BM is hypoxic and the pO2 measured in bone marrow aspirates is of 54.9 mmHg, with
a mean O2 saturation of 87.5% [36]. This hypoxic condition found in BM microenvironment,
also observed in MM patients [37–39], leads to an overexpression of HIF.

Besides the angiogenesis, the new vessels in the bone marrow of MM patients are
due to the vasculogenesis; this process is a “de novo” synthesis of blood small vessels
from the endothelial progenitor cells (EPC), enrolled from the bone marrow. The EPCs
are incorporated into nascent vessels at the angiogenic locations, and they proliferate and
differentiate into endothelial cells [40]. Circulating EPCs and endothelial cells are observed
generally in MM patients, and their concentration seems to correlate with disease activity.

The importance of the angiogenesis process in MM is such that, also from a therapeutic
point of view, it has been tried to act on this important pathway, using drugs with anti-
angiogenetic activity. Among these drugs, we must allude to thalidomide, lenalidomide,
pomalidomide and bortezomib. The anti-angiogenetic activity of thalidomide is due to the
inhibition of secretion of VEGF and IL-6. Moreover, thalidomide enhances T cell- and NK
cell-mediated immunological responses and induces caspase-8 mediated apoptosis [41].
Subsequently to Thalidomide, a series of immunomodulatory drugs have been developed,
with an important anti-angiogenetic potential, including Lenalidomide e Pomalidomide.
Lenalidomide inhibits the VEGF-induced PI3K-Akt pathway signaling and the HIF-1alfa
expression [42], exerts an anti-TNF-alpha activity, modulates the immune response stimu-
lating T cells and NK cells activities, induces apoptosis of tumor cells, and decreases the
binding of MM cells to stromal cells [43]. Pomalidomide is active against MM cell lines and
inhibits angiogenesis by targeting VEGF and HIF-1 alpha. Bortezomib induces endothelial
cell apoptosis, inhibits VEGF, IL-6, Ang-1 and Ang-2 and IGF-1 secretion in stromal cells
and endothelial cells in MM patients. Finally, in the field of the support therapy, the ad-
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ministration of bisphosphonates, inhibitors of osteoclasts activity, also brings into play an
antiangiogenic activity [27].

5. Glutamminolysis and Hyperammonemia

Generally, MM cells are characterized by an increased metabolism of glucose, glu-
tamine, fatty acids, and nucleotides, principally mediated by the activation of specific
oncogenes [44]. In addition, in vitro, the MM cells growth is strictly bounded by the
depletion of glutamine, suggesting that glutamminolysis has a key role in the complex
metabolism of these cells [45,46]. At the same time, it has been demonstrated that MM
patients show significantly lower serum glutamine if compared to healthy controls [47],
and recent data point out that the altered glutamine metabolism activated by glutamminol-
ysis [48–50] seems to be a metabolic consequence of recurrent chromosomal aberrations
observed in MM.

Glutamine, through the action of glutaminase, produces ammonia and therefore
ammonaemia; this biochemical cycle tends to explain the real reason why, in recent decades,
in patients with MM, but also in patients with plasma cell leukemia and in myeloma cell
cultures, a condition of hyperammonemia has been described. This condition may be
responsible for a persistent or transient hyperammonemic encephalopathy unresponsive
to the treatment used for the encephalopathy of patients with severe hepatic insufficiency,
and largely reversible with the pharmacological treatment of MM [51–69].

The disturbances of consciousness observed in patients with MM are almost always
attributable to hypercalcemia or hyperviscosity syndrome, but if both are excluded, in
relation to the above, the determination of ammonia levels is decisive.

Although plasma levels of ammonia are quite low, its turnover is very high, while
the percentage of its ionized (NH4+) and non-ionized (NH3+) forms is solely a function
of pH levels. Ammonia in humans can be removed through three suitable ways, to
eliminate it from cell fluids and incorporate it into compounds with lower basicity and
toxicity [70]. The first way, catalyzed by glutamate dehydrogenase, transforms ammonia
into glutamate [71]; the second pathway, catalyzed by glutamine-synthetase, occurs in two
steps, and synthesizes glutamine starting from glutamate [72]; the third way instead is that
of urogenesis. The latter can eliminate about 20 g/die of urea by itself and takes place partly
within the mitochondrion and partly in the cytosol. Urea is formed from ammonia, CO2
and aspartate through a reaction catalyzed by five specific enzymes involving six amino
acids. The final reaction of this cycle is the hydrolytic cleavage of the guanidine group of
arginine catalyzed by hepatic arginase. However, it should be emphasized that arginine is
also the physiological substrate of endothelial-Nitric Oxide Synthase (eNOS) whose final
products are nitric oxide (NO) and citrulline. e-NOS, whose functional activity depends
on the presence of high levels of calcium ions, is a particularly complex enzyme which
includes five cofactors, such as NADPH, FAD, FMN, heme and tetrahydrobiopterin [73]. In
addition to releasing vascular smooth muscle, nitric oxide influences neurotransmission
but also the relaxation of skeletal muscle and, particularly, inhibits adhesion, activation,
and platelet aggregation.

It is not possible to exclude that, in a percentage of MM patients and in the presence
of specific chromosomal aberrations [44], the activation of glutamminolysis of myeloma
cells—almost never associated with the increase in peripheral glutamine levels—may be the
trigger of an exponential synthesis of ammonia which increases its serum levels with clini-
cal effects on the central nervous system (nonhepatic hyperammonemic encephalopathy).
The presence of high levels of ammonia, in the presence of normal liver function, activates
its various disposal routes, the main of which involves a marked activity of urogenesis
with a circular and accelerated synthesis of arginine that, as reiterated previously, is the
natural precursor of e-NOS, and therefore of NO. This possible hypothesis—considering
the various reports of patients with MM who present a picture of hyperammonemic en-
cephalopathy or of myeloma patients in which there is a hyperammonemia associated with
a clinical-instrumental picture of HOHF with acceptable hemoglobin values—deserves to
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be considered and appropriately investigated. The role played by arginine as a precursor
of eNOS is explicitly confirmed in studies carried out in patients with familial hypercholes-
terolemia [74], or in patients with type 2 diabetes mellitus [75] in which the inhibition of
hepatic arginase leads to a marked improvement in endothelial function.

6. Hemorheological Alterations

So far, the alteration of blood viscosity that usually accompanies and characterizes the
plasma cell dyscrasias [76–82] has not been mentioned among the pathogenetic hypotheses
considered to explain the hemodynamic condition underlying the HOHF. In addition to
the close relationship between hemorheological determinants and microcirculation [83],
of particular interest are the links between the hemorheological profile and endothelial
function, which have been discussed a lot so far [84–86].

Previous studies [87,88], conducted on experimental models, had shown that the
increase in plasma viscosity was responsible for the increased synthesis of NO. It is now
known that variations in wall shear stress (WSS) related to blood and plasma viscosity
actively influence the endothelial activity of eNOS. In this regard, it should be remem-
bered that the determination of the WSS can be carried out both with in vitro and in vivo
assessments [89], and it has limitations related to the different sections of the vascular tree
in which the analysis is performed; the evaluation of the WSS can also be done on the
microcirculation [90].

Some authors [91] have outlined the trigger role of shear stress on the regulation
of endothelial function, and they have underlined how flow shear stress plays its role
on eNOS activity. Other researchers [92] pointed out that in experimental models of
endothelial cell cultures, only a physiological flow, with variable shear stress, was able
to significantly increase the activity of the eNOS. At the same time, it was found that a
nonlaminar and irregular blood flow was more suitable for promoting the activity of eNOS
through endothelial mechano-transduction [93].

From what has been reported so far, NO is synthesized by endothelial cells exposed
to mechanical forces and to WSS and intraluminal pressure [94]. According to other
researchers [95], mechanical endothelial stimulation activates, in cascade, different and
complex biochemical reactions that set in motion different cellular mechanosensors and
as many enzymes; only the last step of this cascade is the activation of the eNOS, which
catalyzes the oxidation of arginine with the consequent production of NO.

Plasma viscosity also plays an important role in MM patients; in fact, the increase
in plasma viscosity causes the shear stress to vary, especially at the level of the microcir-
culatory district, and this variation reverberates on the endothelial function with all the
consequences described so far. It has been said that myeloma cells, through the enhanced
activity of glutamminolysis, increase the levels of ammonaemia, and the latter largely uses
the ureagenesis pathway with arginine as the final metabolite; in turn, arginine can be
transformed in ornithine by hepatic arginase or it be a NO precursor.

This double possibility has not so far been considered in the singular and specific
cardiovascular profile that can be associated with MM.

It is in fact possible that the disposal activity of the high levels of ammonia, associated
with the increase in plasma viscosity, with the inevitable repercussions on endothelial
function, may contribute to a high synthesis of NO, whose immediate effects on the
cardiovascular system could alter the hemodynamic structure of patients with MM with
HOHF. Therefore, when suspected, HOHF must be ascertained considering that its onset
in these patients significantly worsens the prognosis.

7. Conclusions

HOHF is a clinical condition characterized by a systemic congestion with a high
output state. The most common causes of HOHF include severe anemia, arteriovenous fis-
tulas (acquired and/or congenital), Paget’s disease, chronic hypercapnia, hyperthyroidism
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with thyrotoxicosis, sepsis, beriberi, obesity during pregnancy, chronic liver disease and
carcinoid syndrome.

HOHF can be observed also in different hematological diseases, including MM, a
plasma cell dyscrasia characterized by an increased risk of cardiovascular events, deter-
mined by both the disease itself and some specific drugs using treatment protocol. Because
cardiovascular events represent a significant factor related to poor prognosis, impacting
survival of patients and quality of life, it is very important to perform a careful assessment
of the cardiovascular risk in MM patients, before and during the treatment. However, at
the same time, for a complete clinical evaluation, it is also important to know the possible
determinants of cardiological alterations, including HOHF.

For this reason, in this paper we have provided an overview of different pathogenetic
mechanisms possibly responsible for HOHF in multiple myeloma. The need to cite specific
papers, able to accurately delineate some clinical and pathophysiological characteristics of
HOHF in MM (sometimes), has led us to include several quite old papers in the references
list. This latter could be a possible limitation of the paper, but in our opinion, it does not
seem to diminish the significance of this review.

Up to now, to explain the pathogenesis of HOFH in multiple myeloma, both the
presence of artero-venous fistulas (bone, intramedullary or splenic) and the altered an-
giogenesis have been considered. In relation to the role of enhanced angiogenesis, the
specific treatment with anti-angiogenic drugs resulted in a significant improvement in the
hemodynamic profile.

In addition, in some plasma cell dyscrasia, complicated or not by HOHF, a condition
of hyperammonemia, without liver changes, has been described—one that, indirectly, may
be involved in the pathogenesis of this cardiovascular condition.

Finally, the same consideration seems to apply to plasma viscosity which increasing
the wall shear stress modifies the functional activity of the eNOS.

The possible involvement of different pathogenic mechanisms in the development of
HOHF in MM highlights the complexity of this clinical condition and, therefore, the need
for a multidisciplinary approach in the clinical management of patients. Indeed, in future
directions, we look forward to obtaining a complete knowledge of patients, with the aim
of guaranteeing them, in addition to an optimal treatment strategy, also the best support
therapy, with significant impact on quality of life.
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