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Hypertension affects an estimated 1.3 billion people worldwide and is considered 
the number one contributor to mortality via stroke, heart failure, renal failure, and 
dementia. Although the physiologic mechanisms leading to the development of 
essential hypertension are poorly understood, the regulation of cerebral perfusion 
has been proposed as a primary cause. This article proposes a novel etiology 
for essential hypertension. Our hypothesis developed from a review of nuclear 
medicine scans, where the authors observed a significantly abnormal increase 
in nasal turbinate vasodilation in hypertensive patients using quantitative region 
of interest analysis. The authors propose that nasal turbinate vasodilation and 
resultant blood pooling obstruct the flow of cerebrospinal fluid passing through 
nasal turbinate lymphatics, thereby increasing intracranial pressure. The authors 
discuss the glymphatic/lymphatic clearance system which is impaired with age, 
and at which time hypertension also develops. The increased intracranial pressure 
leads to compensatory hypertension via Cushing’s mechanism, i.e., the selfish brain 
hypothesis. The nasal turbinate vasodilation, due to increased parasympathetic 
activity, occurs simultaneously along with the well-established increased sympathetic 
activity of the cardiovascular system. The increased parasympathetic activity 
is likely due to an autonomic imbalance secondary to the increase in worldwide 
consumption of processed food. This hypothesis explains the rapid worldwide rise 
in essential hypertension in the last 50 years and offers a novel mechanism and a 
new paradigm for the etiology of essential hypertension. This new paradigm offers 
compelling evidence for the modulation of parasympathetic nervous system activity 
as a novel treatment strategy, specifically targeting nasal turbinate regulation, to treat 
diseases such as hypertension, idiopathic intracranial hypertension, and degenerative 
brain diseases. The proposed mechanism of essential hypertension presented in this 
paper is a working hypothesis and confirmatory studies will be needed.
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Summary

Hypertension affects an estimated 1.3 billion people worldwide and is considered the 
number one contributor to mortality via stroke, heart failure, renal failure, and dementia. 
Although the physiologic mechanisms leading to the development of essential hypertension 
are poorly understood, the regulation of cerebral perfusion has been proposed as a 
primary cause. 
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Our hypothesis regarding the etiology of hypertension developed from a retrospective 
review of 200 nuclear medicine scans, where the authors observed a significant increase in 
nasal turbinate vasodilation in hypertensive patients. The authors propose that the nasal 
turbinate vasodilation and subsequent increased blood pooling obstruct the flow of 
cerebrospinal fluid passing through nasal turbinate lymphatics, thereby increasing intracranial 
pressure. The increased intracranial pressure leads to compensatory arterial hypertension via 
Cushing’s mechanism. This hypothesis offers a novel mechanism and a new paradigm for the 
etiology of essential hypertension related to nasal turbinate obstruction of brain lymphatics 
and suggests possible new treatments for hypertension and degenerative brain diseases. 
Treating hypertension by methods that focus on nasal turbinate obstruction and/or increasing 
cerebrospinal fluid lymphatic flow through the nasal turbinates may offer a therapeutic benefit 
not only to hypertensive patients but to patients with neurodegenerative pathologies as well.

1 Introduction

Essential hypertension, also known as primary hypertension, 
affects an estimated 1.3 billion people worldwide and is considered the 
number one contributor to mortality via stroke, heart failure, renal 
failure, and dementia. It is the largest single contributor to global 
mortality (1). Each year approximately 10 million people worldwide 
die of hypertension-related disease. The prevalence of essential 
hypertension is increasing. Between 1990 and 2019, the number of 
people aged 30–79 years with hypertension doubled from 331 million 
women and 317 million men in 1990 to 626 million women and 652 
million men in 2019 (2, 3). The number of individuals with essential 
hypertension has steadily increased over the past few decades, likely 
associated with the large increase in overweight and obese individuals 
in the world (4, 5). In the United  States, the lifetime risk of 
hypertension surpasses 80% (6). Currently, half of all adults in the 
United States have hypertension, and the disease is responsible for the 
highest percentage of all doctor visits (6).

Today nearly 70 percent of what individuals eat in the 
United  States is ultra-processed food. These foodstuffs include 
packaged chips, energy drinks, and ready-to-heat-and-eat meals. They 
are thought to be an important driver of the obesity epidemic, in part 
because they seem to make us eat more (7). This obesity epidemic 
occurring in the United States has also been noted in other developed 
and developing countries throughout the world.

Changes in dietary patterns in China, with increased consumption 
of refined grains and highly processed, high-sugar, and high-fat foods, 
continue to increase while physical activity levels in all major domains 
have decreased (5). In China, the number of processed foods available 
was four times higher in 2013 than in 1999 for a 22.4% annual growth 
over the 15 years. Over half of the packaged foods sold in China’s 
markets are processed foods. Overweight, obesity, hypertension, and 
metabolic syndrome in the Chinese population have become serious 
public health problems. In 2015, China had the highest number of 
overweight and obese children globally (5). The increased rate of 
obesity and hypertension in China likely explains the fact that stroke 
is now the number one cause of death in that country (8).

Essential hypertension or primary hypertension is not equally 
distributed in populations worldwide. In the United States, essential 
hypertension accelerates more rapidly in non-Hispanic Black 
individuals (NHB) than in non-Hispanic White individuals (NHW) 

and is often more severe with higher mortality (9). In 2020, 
age-adjusted hypertension-related NHB adult death rates were 
approximately twice that of NHW adults (325.3 thousand for NHB 
men compared with 175.7 thousand for NHW men and 216.1 for 
NHB women compared with 127.9 for NHW women) (9).

In current medical practice, lifestyle changes are often mentioned 
as a first line of therapy for patients with hypertension. Alterations or 
modifications in diet, such as the Dietary Approaches to Stop 
Hypertension (DASH) (10) are encouraged, as are increased exercise, 
and restriction of sodium intake. Lowering salt intake moderately 
reduces blood pressure. An updated systematic review of studies 
where sodium intake was reduced from 2,200 mg/day to 500 mg/day 
for 1 week found that the median within-individual change in mean 
arterial blood pressure between high and low sodium diets was 
4 mmHg (11). A newer, more invasive therapeutic technique to control 
high blood pressure involves renal nerve ablation which reduces 
sympathetic nervous system activity in the kidney (12).

Today, the most commonly prescribed antihypertensive drugs 
according to the latest guidelines are combination drug therapies that 
block the renin-angiotensin system and increase sodium excretion (6). 
With the rise of renin-angiotensin-targeted drugs, therapies that 
specifically target only the sympathetic nervous system have 
significantly decreased in use, even though one of the most verified 
findings in essential hypertension is that increased sympathetic 
nervous system activity is associated with the onset of hypertension 
(12–16). The etiology of this increased sympathetic activity, however, 
remains controversial as discussed in a recent review of autonomic 
dysfunction in essential hypertension (13).

Although many different theories about the cause of essential 
hypertension have been proposed, including excessive salt intake, 
renal mechanisms, and stress, for most adults there is no clearly 
identifiable cause with many investigators ascribing the mechanisms 
of hypertension to multiple factors including interactions between 
diet and lifestyle, an individual’s gut microbiome (17), neuroimmune 
modulation (18), and genetic (17) and epigenetic factors (19).

It is well known that hypertension is found in families and that 
there is a hereditary predisposition to developing hypertension with 
over 100 single nucleotide polymorphisms associated with the disease 
(17). Secondary hypertension, as differentiated from primary or 
essential hypertension, has a higher prevalence in children (50% of 
cases) and young adults less the 30 years of age. Hormonal and 
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primary kidney disease are the main causes of secondary hypertension. 
Genetic predisposition interacting with environmental influences is a 
significant contributor to the development of hypertension with the 
clearest genetic linkages being evident in endocrine hypertension, a 
form of secondary hypertension (20). Endocrine hypertension has 
well-defined phenotypes that have allowed patient stratification into 
homogeneous cohorts. These cohorts can be linked to different genetic 
variants which have important implications concerning patient 
therapy (21). Primary aldosteronism is the most frequent form of 
endocrine hypertension accounting for 5–10% of all hypertensive 
patients. Several different genetic defects have been linked to primary 
aldosteronism including autosomal dominant forms and somatic 
mutations (20).

Although genetic predisposition plays a role in essential primary 
hypertension, the genetic linkages are more complex. In addition, there are 
significant environmental influences making identification of specific 
genetic linkages less clear. Although the genetic linkages are less clear, 
genetic heritability is estimated to account for 40% of blood pressure 
variance in essential hypertension while environmental influences such 
as dietary and lifestyle habits can explain the majority of the remaining 
genetic variance (21). A promising application in the field of hypertension 
is the use of genetic testing to personalize medical therapy by predicting 
which anti-hypertensive drugs are most likely to have the greatest effect 
or cause adverse reactions in an individual patient (22).

Most researchers continue to state that the primary cause of 
non-endocrine essential hypertension is not well understood (14, 23). 
This is likely related to the fact that essential hypertension is a 
multifactorial disease that is considered to be genetically complex with 
significant interactions with diet and epigenetic factors.

A lack of understanding of the mechanism of essential 
hypertension contributes to the fact that an estimated 10–30% of 
patients have resistant hypertension defined as blood pressure that 
remains above guideline-directed targets despite the use of three anti-
hypertensives (including a diuretic) at optimal or maximally tolerated 
doses (24). Other studies report that the global control rate of blood 
pressure among people with hypertension was approximately 20% in 
2019 (2). A possible explanation for this overall lack of blood pressure 
control is that the underlying basic pathophysiology leading to the 
development of essential hypertension is not being addressed. Hence, 
there is a need to develop new paradigms for understanding essential 
hypertension with the potential to develop new approaches to therapy.

The objective of this paper is to focus on areas not previously 
considered as the pathogenesis of hypertension. The authors hypothesize 
that there is an increase in parasympathetic activity in the nasal 
turbinates that relates to hypertension by causing obstruction of nasal 
lymphatic drainage, thereby increasing intracranial pressure. The 
increased intracranial pressure leads to compensatory hypertension via 
Cushing’s mechanism, also known as the selfish brain. This increased 
parasympathetic activity of the nasal turbinates occurs simultaneously 
with the well-established increase in sympathetic nervous activity of the 
cardiovascular system in hypertension. The increased nasal turbinate 
vasodilation has been previously described in patients with essential 
hypertension and other metabolic syndrome features in a recent article 
by the authors (25). This increased parasympathetic activity results not 
only in nasal turbinate vasodilation, but also in increased gastrointestinal 
motility, as observed in hypertensive patients and other patients with 
metabolic syndrome (26–29).

2 Regulation of cerebral perfusion

A less frequently discussed proposed cause of essential 
hypertension is related to homeostatic processes for the regulation of 
cerebral perfusion (14, 30). Physiologic processes that impair blood 
flow to the brain have the potential to lead to increased sympathetic 
activity and elevated systemic blood pressure to maintain normal 
blood flow to the brain. The theory has been proposed as the “selfish 
brain hypothesis of essential hypertension” or “Cushing’s mechanism” 
(14, 30). Decreased blood flow to the brain and subsequent 
development of hypertension via the Cushing mechanism has been 
previously reported to be associated with the narrowing of the vessels 
supplying the brain (31).

This paper proposes another potential mechanism for the 
decreased blood flow to the brain that leads to systemic hypertension. 
It focuses on clinical findings by the authors of increased nasal 
turbinate vasodilation and resultant nasal blood pooling that causes a 
restriction of lymphatic flow, or drainage, of cerebrospinal fluid (CSF) 
from the brain (25). The obstruction of drainage leads to increased 
intracranial pressure, resulting in increased systemic blood pressure 
via Cushing’s mechanism (14, 30).

The objective of this paper is to review the literature regarding the 
above-described physiological mechanisms of hypertension—noting 
the potential influence of the parasympathetic nervous system on 
increased intracranial pressure—and to propose a novel etiology for 
this increasingly prevalent disease.

3 Increased intracranial pressure and 
Cushing’s mechanism

3.1 Hypertension and increased intracranial 
pressure

Increased intracranial pressure is present in patients with essential 
hypertension (32). In 2023, da Costa et al. (32) studied 391 consecutive 
patients with long-term essential hypertension in an attempt to 
evaluate intracranial pressure waveforms using a non-invasive device, 
brain4care. Their study revealed 77.7% of the patients had abnormal 
measurements of intracranial pressure. The da Costa et al. (32) article 
was the first to evaluate intracranial pressure behavior in patients with 
essential hypertension. In addition to their findings, the authors 
commented that very little is known on the subject of intracranial 
pressure in patients with hypertension and that they were hoping to 
“shed some light on the dark side of human history.”

This increased intracranial pressure in hypertensive patients is 
consistent with the authors’ research showing increased nasal 
turbinate vasodilation in these same patients. We hypothesize that 
inappropriately increased nasal turbinate vasodilation with blood 
pooling in the nasal turbinates is obstructing the normal lymphatic 
drainage through the nasal turbinates, resulting in increased 
intracranial pressure.

The authors can find no instances in the medical literature in 
which invasive lumbar puncture CSF pressure measurements have 
been performed to study intracranial pressure in patients with 
essential hypertension. Performing this type of study would be fairly 
extensive since it is likely the elevations of CSF pressure in many 
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patients would be mild, although significant, in relation to its potential 
association with essential hypertension.

3.2 Cushing’s mechanism

The regulation of cerebral perfusion has been proposed as a 
cause of essential hypertension with cerebral perfusion pressure 
being preserved by an increase in systemic blood pressure 
secondary to increased sympathetic activity (14, 33–36). As early 
as 1901, Dr. Harvey Cushing proposed the idea of a “Cushing 
reflex” which he  described as a physiological nervous system 
response to acute elevations of intracranial pressure (ICP) (37, 
38). The response consisted of a triad of signs which included 
widened pulse pressure (increasing systolic, decreasing diastolic), 
bradycardia, and irregular respirations. He  believed that the 
dramatic increase in blood pressure was a reflex to brainstem 
ischemia seen in patients with increasing ICP from causes such 
as intracranial hemorrhage, a mass effect from a tumor, cerebral 
edema, and other causes. In these studies, Cushing showed that 
a temporary reduction in cerebral blood flow secondary to 
increased ICP was associated with a compensatory increase in 
systemic blood pressure in animals (38). This increase in systemic 
blood pressure was part of a regulatory process to maintain 
normal cerebral blood flow.

The human brain is in a tight space, limited by the rigid skull, 
which makes for a unique situation as it relates to blood and lymphatic 
flow rates and the strict requirement of the brain to maintain adequate 
cerebral blood perfusion. Cerebral perfusion pressure is the pressure 
that pushes the blood through the cerebrovascular network. Cerebral 
perfusion pressure is a clinical surrogate for the adequacy of cerebral 
blood perfusion. Cerebral perfusion pressure (CPP) is equal to the 
mean arterial pressure (MAP) minus the intracranial pressure (ICP) 
in the following equation (39).

 CPP MAP ICP= −

MAP can be estimated as the systolic blood pressure (SBP) plus 
two times the diastolic blood pressure (DBP) divided by 3.

 
MAP SBP X DBP= + 2

3

As intracranial pressure increases, the cerebral perfusion 
pressure (CPP) decreases unless there is a compensatory increase 
in mean arterial blood pressure (14, 33, 34). With increased ICP, 
MAP must also increase to maintain adequate blood flow in the 
brain or CPP. This relationship between ICP and CPP was 
originally shown by Cushing (37). The authors believe nasal 
turbinate vasodilatation and subsequent blood pooling obstruct 
the normal drainage of cerebrospinal fluid from the brain. This 
obstruction results in increased intracranial pressure (ICP), 
requiring a compensatory increase in mean arterial pressure 
(MAP) to maintain cerebral perfusion pressure (CPP). How and 
where the brain senses its blood flow and is then able to maintain 
a normal blood flow by increasing systemic blood pressure via 
the increased sympathetic activity of the heart and vasculature is 
still a matter of debate.

3.3 Cerebral blood flow resistance and 
hypertension

As early as 1948, Kety et  al. (34) reported that patients with 
essential hypertension had increased cerebral vascular resistance. 
Their article states that “there is at least some evidence to favor the 
hypothesis that in essential hypertension there may be  a primary 
cerebrovascular constriction accompanied by a secondary and 
compensatory hypertension which maintains a normal cerebral 
blood flow.”

Other researchers (40, 41) confirmed the findings of Kety et al. 
(34) that cerebrovascular resistance is increased in hypertension and 
that increased cerebral vascular resistance is the best predictor of the 
future development of hypertension.

Increased cerebrovascular resistance and increased intracranial 
pressure have been linked to increased sympathetic activity. In 2018, 
Schmidt et al. (42) showed that small increases in intracranial pressure 
would induce a significant increase in sympathetic activity in mice and 
in humans. In their study in human patients, a 7 mmHg rise in 
intracranial pressure increased sympathetic muscle activity by 17% as 
measured by microneurography. This increased sympathetic activity 
was associated with an elevation in blood pressure.

4 Hypertension: a mechanism for 
self-protection of the brain

Various authors have proposed that hypertension may provide 
self-protection for the brain by maintaining normal cerebral blood 
flow as suggested in the selfish brain hypothesis (14, 43).

In 1990, Dickinson (33) wrote an article reappraising the 
importance of the Cushing reflex for blood pressure stabilization. In 
this article, he stated that a restriction of blood flow to the brain can 
produce sustained hypertension. Dickinson also stressed the fact that 
the Cushing response begins when intracranial pressure begins to rise 
and is still within the physiological range. He described the Cushing 
reflex as the most powerful neural blood pressure stabilizing system 
involving self-protection of the brain.

Paton et al. (30) revisited the idea of self-protection of the brain in 
2009, stating specifically that brainstem hypoperfusion could cause 
the onset of sympathetic hyperactivity and hypertension. They called 
this the “Cushing’s mechanism,” which was later termed “the selfish 
brain hypothesis” in an article by Hart (14). Warnert et al. (43) wrote 
an article that asked the question “Is high blood pressure self-
protection for the brain?.” In support of the increase in brain blood 
flow resistance as a cause of essential hypertension, Hart suggested 
that congenital vertebral artery hypoplasia is a risk factor for essential 
hypertension (14). Further studies by her group found that vertebral 
artery hypoplasia plus an incomplete circle of Willis was associated 
with lower cerebral blood flow in young adults with hypertension 
(p = 0.0172) (44). This anatomical variant was predictive of 
hypertension in young adults.

Although this work provides support for the selfish brain 
hypothesis for subjects with vertebral artery hypoplasia, it would 
not appear to explain the common and worldwide occurrence of 
essential hypertension and its near doubling in the number of 
affected individuals over the last 20 years (2). Instead, the rapidly 
increasing incidence of hypertension is more consistent with 
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environmental changes likely related to decreased physical 
activity and diet.

5 The autonomic nervous system

5.1 The parasympathetic nervous system 
vs. the sympathetic nervous system

The autonomic nervous system consists of the sympathetic and 
parasympathetic nervous systems. The sympathetic nervous system 
controls “flight-or-fight” responses. It prepares the body for strenuous 
physical activity by increasing the heart rate, elevating blood pressure, 
heightening awareness, and elevating the respiratory rate. The 
parasympathetic nervous system carries signals to relax those systems 
and bring about a state of calm in the body. Parasympathetic responses 
include an increase of digestive enzymes and more rapid gastric 
emptying (45), dilation of nasal turbinate blood vessels (46), and 
decreased heart rate (47).

5.2 The paradox of increased sympathetic 
activity and concurrent increased 
parasympathetic activity

Perhaps the most verified and agreed upon finding in essential 
hypertension is increased sympathetic nerve activity (14, 36, 48–50). 
Sympathetic nerve activity, measured by direct microneurography, 
was found to be increased in hypertension, providing evidence of the 
involvement of increased sympathetic activity in the development of 
essential hypertension. Wallin et al. (51) were the first to measure 
sympathetic nerve activity of the peritoneal nerve and showed that 
sympathetic nerve activity was increased in hypertensive patients as 
compared to normotensive patients. Subsequently, the increased 
sympathetic activity of the cardiovascular system has been confirmed 
by many investigators (14, 36, 48, 52, 53).

Increased sympathetic activity clearly affects the cardiovascular 
system. How increased sympathetic activity affects other organ systems is 
less well understood, although it has generally been assumed that other 
organ systems in patients with hypertension experience increased 
sympathetic activity. As support for the increased sympathetic activity in 
many organ systems, one article cites a decrease in salivary flow associated 
with hypertension (54) and suggests that there is a down-regulation of 
parasympathetic activity in all organ systems. However, our group 
reported nuclear imaging-based findings in hypertensive patients that are 
consistent with increased parasympathetic activity in several 
non-cardiovascular systems (25, 26). Increased vasodilation of the nasal 
turbinates and parotid glands in hypertensive patients, recently reported 
by our group (25), is consistent with increased parasympathetic activity 
affecting the vasculature of the nasal turbinates, as increased sympathetic 
activity is well known to be associated with nasal turbinate and parotid 
vascular constriction. Abnormally rapid gastric emptying in hypertensive 
patients, as previously reported by our group, is consistent with increased 
parasympathetic activity (26), as increased sympathetic activity would have 
the opposite effect, and inhibit gastrointestinal motility. In our study, 
following ingestion of a liquid carbohydrate meal, hypertensive patients 
had an average of 41% more rapid gastric emptying compared to 
non-hypertensive patients (p = 0.02), and the rate of gastric emptying 

correlated significantly with the postprandial glucose level at 30 min 
(Spearman rank correlation coefficient rs = 0.64, p = 0.0428). Our group 
has also reported that abnormally rapid gastric emptying occurs in 
spontaneously hypertensive rats (SHR) (55). This rapid gastric emptying 
observed in humans and in rat models with hypertension is consistent 
with increased parasympathetic activity of the gastrointestinal system.

As far as the authors know, this paradox of increased sympathetic 
activity in one region (cardiovascular) while there is simultaneously 
increased parasympathetic activity in another region has not been 
previously described (25). This paradox is important for the pathology 
we will be discussing related to the potential lymphatic obstruction 
from the brain.

6 New glucose set points

The upregulation, or increase in parasympathetic activity, affecting 
both the gastrointestinal system and nasal turbinate vasodilation that 
we have observed in our clinical patients, may be  related to glucose 
homeostasis. The authors hypothesize that the increased parasympathetic 
activity observed in hypertensive patients is due to a resetting of the body’s 
glucose level. The elevated blood glucose level, or elevated glucose set 
point, causes a triggering mechanism for an increase in 
parasympathetically controlled gastric emptying as a means to sustain the 
elevated glucose levels. Prior studies have shown that an increased gastric 
emptying rate is an important mechanism for maintaining blood glucose 
levels (56–58). The increased rate of gastric emptying occurs due to 
signaling from the hypothalamus via the vagus nerve (59, 60). With a 
higher glucose set point level, food empties more rapidly from the 
stomach for absorption into the intestine to elevate and maintain blood 
glucose levels.

Although the mechanism by which glucose set points become 
elevated is not clearly understood, the authors hypothesize they become 
gradually elevated due to the continual increased intake of processed 
foods. The modern diet, consisting of ultra-processed products, sucrose, 
and refined grains combined with reduced consumption of fiber, fruits, 
and vegetables, results in elevated postprandial glucose levels and an 
upward resetting of the glucose set point. This elevated glucose set point 
hypothesis is consistent with the significant increase in obesity which has 
nearly tripled in prevalence since 1960, and the nearly doubling of the 
number of patients with hypertension over the last 20 years (2).

Our group was the first to report that a gastrointestinal hormone, 
cholecystokinin (CCK-8), which delays the rate of gastric emptying in 
patients, had the potential to treat diabetes by lowering postprandial 
glucose levels (61). We reported that many patients with type 2 diabetes 
have abnormally accelerated gastric emptying and that infusion of 
CCK-8 significantly reduced the rate of gastric emptying, which lowered 
postprandial glucose levels (61). The clinically approved intestinal 
hormone, glucagon-like peptide 1 (GLP-1), has been widely successful 
in the treatment of diabetes and obesity. GLP-1 also delays gastric 
emptying and decreases postprandial glucose levels. Based on the results 
of our previous studies, GLP-1 would therefore lead to a lowering of the 
glucose set point. This hypothesis is consistent with the recent findings 
that GLP-1 agents have been shown to decrease the incidence of 
cardiovascular disease and stroke in patients with obesity and without 
diabetes (62). Importantly, GLP-1 drugs have also been shown to result 
in a modest (5–7 mmHg) lowering of blood pressure that is greater than 
would be expected from weight loss alone (63–65).
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7 Nasal turbinate vasodilation and 
blood pooling

If increased intracranial pressure is indeed a frequent etiology for 
hypertension, how is it possible, much less probable, that millions of 
individuals with hypertension have preexisting increased intracranial 
pressure? The authors believe that increased parasympathetic activity 
leads to vasodilation of the erectile tissue of the nasal turbinates. These 
nasal turbinates contain important lymphatic vessels that carry spinal 
fluid moving through the cribriform plate along the olfactory nerves. 
We  hypothesize that this nasal turbinate vasodilation and blood 
pooling obstruct the lymphatic cerebrospinal fluid (CSF) drainage 
leading to increased intracranial pressure.

In a retrospective study of 200 patients referred for a routine bone 
scan, the authors observed that hypertensive patients have significant 
nasal blood pooling, i.e., increased nasal turbinate vasodilation, as 
compared to patients without hypertension (25). This increased nasal 
vasodilation in patients with hypertension is illustrated in Figure 1. 
The methodology used for obtaining the nuclear scan and the whole-
body blood pool imaging is described in the following section.

8 Scintigraphic imaging

Scintigraphic imaging of the nasal blood activity in comparison with 
the cardiac blood activity was determined during the 7-min interval 
immediately following injection of a bone avid radiopharmaceutical, 
technetium-99 m methylene diphosphonate (99mTc-MDP), when the 
radioactivity was in the blood, and before it had time to begin 
accumulating in the bone. The same scintigraphic imaging technique was 
used for all 200 patients in this retrospective analysis of whole-body blood 
pool scanning. Each scan was obtained beginning 2–3 min after injection 
of the bone avid radiopharmaceutical and took a total of 6–7 min to scan 
from head to feet. The early images of the bone avid radiopharmaceutical, 
within the first few minutes after injection, are considered to be markers 
of the patient’s blood pool, as the radiopharmaceutical requires 
approximately 3 h for bone deposition and clearance of activity from the 
soft tissues. Images were obtained with a dual-headed gamma camera 
(GE Infinia Hawkeye 4, Boston, MA) using low-energy, high-resolution 
collimators with an energy window set at 140 keV and with a 20% window 
moving at a rate of 36 cm/min (25). With scintigraphic imaging, it is 
possible to determine the distribution and activity of blood in the nasal 
region as compared to the cardiac region.

9 Measurement of nose/heart ratios

Nose/heart ratios were determined by placing a square region of 
interest box over the area of the nose on the nuclear scan. The activity in 
the maximum pixel was determined in each box, and a ratio of the 
maximum pixel in the nose was divided by the maximum pixel in the 
heart. Using the maximum pixel activity is very similar in technique to 
analyzing the maximum standard uptake value (MaxSUV) as determined 
in PET imaging for monitoring cancer metabolism. The use of a box and 
maximum pixel activity decreases the subjectivity incurred with drawing 
an outline around the whole organ. In our retrospective study of 200 
patients, those patients with hypertension had an average nose-to-heart 
max ratio of 0.93 versus 0.85 in non-hypertensive patients (p = 0.0123 

using the Wilcoxon rank-sum test) (25). Figure 1 demonstrates a normal-
weight non-hypertensive control subject (A) compared to a normal-
weight hypertensive patient with increased nasal pooling (B).

10 Nasal blood pooling observations 
on nuclear medicine scan

10.1 Increased nasal blood pooling in a 
normal weight-matched, hypertensive 
patient vs. a non-hypertensive patient

10.1.1 Increased nasal blood pooling in 
weight-matched, obese, hypertensive vs. 
non-hypertensive patients

Figure 2 illustrates the nuclear medicine scan of weight-matched 
patients, both with an elevated body mass index (BMI). Patient A is a 
normal control and Patient B has hypertension and hyperlipidemia, 
but not diabetes or sleep apnea. There is increased nasal blood pooling 
in the overweight hypertensive patient compared to the overweight 
non-hypertensive control subject.

Both non-hypertensive patients in Figures 1, 2 have very minimal 
blood activity in their nasal turbinates while both patients with 
hypertension have very significant activity in the nasal turbinate 
region. These whole-body blood pool imaging studies have provided 
insights to the investigators which have led to their proposal of a 
working hypothesis described in this paper regarding a new causation 
paradigm for essential hypertension. Confirmation of these findings 

FIGURE 1

Weight-matched, non-hypertensive (A) vs. hypertensive patient (B), 
both with normal BMIs.
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will be important. Potential methods to confirm these findings will 
be addressed in section 19.

10.2 Increased blood pooling in erectile 
tissue of the nasal turbinates

Studies of computed tomography (CT) (66) and magnetic resonance 
imaging (MRI) (67) have shown that the erectile tissue in the nose is 
located in (1) the whole of the inferior turbinate (anterior, middle, and 
posterior), (2) the middle turbinate (more prominent at the middle and 
posterior turbinate), and (3) the anterior portion of the nasal septum.

The rapidity in which these turbinates can dilate and contract has 
led two different investigators, Cole et al. (66) and Ng et al. (67), to 
conclude that nasal turbinate dilation is due to an increase in blood 
volume in the nasal turbinates and not due to an increase in edema or 
interstitial fluid. This purported increase in nasal blood pool volume 
is consistent with our findings of high nasal blood activity in the 
turbinate region observed on nuclear imaging.

The vasodilation associated with increased nasal turbinate 
parasympathetic activity is the opposite of the vasoconstrictive effect 
of sympathetic activity on the nasal turbinates and the well-known 
vasoconstrictive effect of sympathomimetic decongestants.

The parasympathetic innervation of the nasal turbinates is 
delivered through nerve fibers that reach the nasal turbinates through 
the posterior nasal nerve which crosses the sphenopalatine foramen 
and distributes to the mucosa following the branches of the 
sphenopalatine vessels (68). The result is vasodilation of erectile tissue 
in the nasal turbinates obstructing CSF lymphatic drainage.

10.3 Increased nasal blood pooling in 
patients with metabolic syndrome

The authors recently published an article that described subjects 
with metabolic syndrome, including hypertension, increased BMI, 
diabetes, and sleep apnea, exhibiting significantly increased nasal 
blood volume (2–3-fold greater), also referred to as blood pooling, as 
compared with subjects without metabolic syndrome as determined 
by whole-body nuclear imaging (25). This unique phenomenon of 
nasal pooling has been observed by the author using scintigraphic 
whole-body imaging in patients with metabolic syndrome, regardless 
of their body habitus (Figure 3).

Figure 3 shows increased nasal blood pooling in both patients 
with metabolic syndrome, including essential hypertension. Patient A, 
a 59-year-old female with a BMI of 32.5, has less severe metabolic 
syndrome. She has hypertension and hyperlipidemia with high 
triglycerides and is being treated with 1 anti-hypertensive and 1 anti-
hyperlipidemic medication. Patient B has more severe metabolic 
syndrome with a BMI of 43.3. The patient is a 55-year-old female with 
hypertension, diabetes, sleep apnea, and hyperlipidemia, and is being 
treated with 3 anti-hypertensive, 1 anti-hyperlipidemic, and 1 anti-
hyperglycemic medication.

As in patients with hypertension and without complete metabolic 
syndrome, we  hypothesize that those patients with metabolic 
syndrome have an increase in blood volume in their nasal region 
significantly decreasing the normal lymphatic transport or drainage 
through the nasal turbinates resulting in increased intracranial 
pressure. The increased intracranial pressure causes the increased 
systemic blood pressure as part of Cushing’s mechanism, i.e., the 
selfish brain’s attempt to maintain cerebral blood flow. Patient A, the 

FIGURE 3

Nuclear medicine scans of patients with metabolic syndrome.

FIGURE 2

Weight-matched, non-hypertensive (A) vs. hypertensive patient (B), 
both with elevated BMIs.
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patient on the left in Figure 3, has a less severe form of metabolic 
syndrome (without diabetes). She, however, has three of the five 
criteria of metabolic syndrome, including triglycerides over 150, a 
high waist circumference, and high blood pressure. Nonetheless, she 
has a high nose/heart ratio.

11 Controversy over which comes 
first, essential hypertension or 
increased brain blood flow resistance

There continues to be  controversy in this area with most 
researchers believing that it is the development of essential 
hypertension from a mechanism not related to the brain that occurs 
first and leads to increased resistance to brain blood flow. Far fewer 
researchers believe that the brain is involved in the initiation of 
hypertension as proposed by Jennings et al. (69, 70), or that an initial 
increase in resistance of brain blood flow leads to the development of 
essential hypertension as proposed by Dickinson and Thomason (71), 
Paton et al. (30), and Hart (14).

To understand the relationship between decreased nasal drainage, 
increased intracranial pressure, and hypertension, one must first 
be familiar with the normal nasal cycle.

12 CSF lymphatics and the normal 
nasal cycle

The nasal cycle is the alternating of airflow between nostrils that 
shifts between the left and right sides over time (72). The physical 
mechanism causing the nasal cycle is due to an asymmetry in blood 
flow leading to the engorgement of erectile tissue in the inferior 
turbinate and the anterior part of the nasal septum in one nostril 
more than the other. This normal asymmetrical enlargement of a 
nasal turbinate on one side blocks the passage of air. The autonomic 
nervous system mechanism is important in controlling the nasal 
cycle with sympathetic dominance associated with vasoconstriction 
and decongestion in one nostril while simultaneous 
parasympathetic vasodilation and congestion occur in the other 
nostril (72).

The purpose of the nasal cycle has been debated. Some studies 
suggest that the nasal cycle is a method of air conditioning and for 
removing entrapped contaminants (73). Eccles has proposed that 
the nasal cycle is a mechanism of respiratory defense against 
infection with respiratory viruses (74). Others have proposed that 
the nasal cycle could be a way to squeeze interstitial fluid out of 
the nasal turbinates during the constriction phase of the 
nasal cycle.

Although it has not been proposed that the nasal cycle serves as a 
pump to move lymphatic fluid from the CSF into the head and neck 
lymphatics, the authors believe that this could be one of the most 
important functions of the nasal cycle.

A malfunction of this normal cycle, with near-permanent 
vasodilation of the nasal erectile tissue, would result in a blockage of 
lymphatic outflow from the brain. In this regard, it is interesting that 
the nasal cycle was found to be diminished with age (75, 76). In one 
study, 50% of patients over the age of 70 showed no evidence of a nasal 
cycle (76). Following thorough research, the authors were unable to 

find any current studies examining the effect of hypertension and 
metabolic syndrome on the nasal cycle. In our nuclear imaging studies 
of the blood pool, we  did not visualize any asymmetry in the 
distribution of blood in the region of the nasal turbinates. Patients 
with hypertension in our whole-body blood pool imaging study, who 
also had a CT scan of the head, demonstrated symmetrically dilated 
right and left nasal turbinates without evidence of a nasal cycle 
(unpublished observation).

It is important to understand how CSF lymphatics are cleared 
from the brain.

13 Clearance of CSF from the brain

There has been considerable controversy regarding the most 
important pathway of clearance of CSF from the brain. For many 
years, the most accepted theory was that CSF was absorbed by the 
arachnoid granulations directly into the venous system. This theory 
has been significantly challenged over the last 40 years as many 
investigators have shown the importance of lymphatic clearance of 
CSF, primarily through the cribriform plate into the nasal region. In 
addition, a recent study using magnetic resonance imaging (MRI) 
provided evidence that a portion of the CSF is cleared by the 
parenchymal venous system (77) with only minimal contribution of 
the arachnoid granulations in CSF clearance. Further studies are 
required to provide a better understanding of the contribution of CSF 
lymphatics, the parenchymal venous system, and arachnoid 
granulation to overall CSF clearance, however, there has been 
increasing evidence for the importance of nasal lymphatics in CSF 
clearance (78–84).

14 Evidence for significant clearance 
of CSF through nasal lymphatics

A major proponent of this idea was Johnston et al. (78, 82, 85) 
whose work contradicted the most accepted theory that the majority 
of CSF is cleared by the arachnoid granulations. As pointed out by 
Johnston and Papaiconomou (79), there has been very limited 
evidence to support the idea that the arachnoid granulations are the 
primary site of CSF clearance from the brain; however, there has been 
significant research supporting clearance of CSF through the 
cribriform plate into the nasal turbinate region. In one study, 
Johnston’s group found that 30 min after injection of radiolabeled 
human serum albumin into the CSF, the tissue that contained the 
highest activity was the middle nasal turbinate which had 
approximately 6 times more activity than the blood (82). In another 
study, Johnston et al. (86) reported that approximately one-half of a 
protein tracer was transported from the CSF to the blood via 
extracranial lymphatic vessels. In another study by this group, when 
CSF transport was blocked through the cribriform plate, resting 
intracranial pressure doubled from 9.2 cmH2O to 18.0 cm H2O (87). 
A recent review of the importance of nasal lymphatics in CSF 
clearance has been published and is titled, “The brain-nose interface: 
a potential cerebrospinal fluid clearance site in humans” (80).

Since an original report by Schwalbe (88) in 1869, a large body of 
work in many different species has indicated a role for lymphatic 
vessels draining CSF in both cranial and spinal regions. However, only 
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recently published anatomical and quantitative studies have shown 
that connections between the CSF and the extracranial lymphatic 
system represent a significant route for CSF drainage (83, 84, 89, 90).

A PET imaging study by de Leon et al. (89) showed tracer activity 
in the nasal turbinates suggesting CSF movement through the 
cribriform plate and into the nasal turbinate lymphatics. In a recent 
study by Zhou et al. (83), 92 patients clearly showed activity in the 
inferior nasal turbinates following intrathecal infusion of an MRI 
contrast agent. Another recent 2023 study in rats using high-resolution 
imaging was strongly supportive of lymphatic movement along 
olfactory nerves. The study concluded that the olfactory nerve 
pathway into nasal turbinate lymphatics is the major route of CSF 
clearance from the brain (90).

In another animal model study, infusion of Ringer’s lactate with 
blue dye into the cisterna magna to increase the intracranial pressure 
caused a 3-fold increase in cervical lymph node flow and an increase 
in blue-colored nasal discharge that appeared 48 min after the 
beginning of the infusion (91). The nasal discharge increased from 
negligible, before the cisternal infusion, to 11.4 mL/h following the 
infusion. These studies support the clearance of CSF in cervical 
lymphatics and nasal fluid.

Ma et al. (92) found that lymphatic vessels were the major outflow 
pathway of CSF for both large and small molecular tracers in mice. 
They also found a significant decline in CSF lymphatic outflow in aged 
compared to young mice suggesting that the lymphatic system may 
represent a target for age-associated neurological conditions. In 
another recent study by Yoon et al. (84), a nasopharyngeal lymphatic 
plexus was found to be a hub for CSF drainage to the deep cervical 
lymph nodes. This plexus was suggested as a possible target for the 
treatment of age-related neurological conditions which are known to 
be  associated with decreased CSF transport to deep cervical 
lymph nodes.

Meningeal lymphatic vessels located along the dural sinuses have 
been shown to drain into the cervical lymph nodes (93), and are 
coupled with, and receive drainage from, the recently described 
glymphatic system within the brain (94) that was first described by Iliff 
et al. (95) in 2012 and which will be discussed in the next section.

15 The glymphatic/lymphatic system

15.1 The glymphatic system

The glymphatic system consists of specialized low-resistance spaces 
known as Virchow–Robin paravascular spaces that permit CSF inflow 
deep into the neural parenchyma. A detailed review of this glymphatic 
system has recently been published by the author (WP) and colleagues 
(96). The glymphatic system runs in the same direction as blood flow 
which is propelled by pulsations from the arterial vascular wall. This 
system can deliver protective molecules, such as melatonin, deep into 
the brain along the periarterial spaces. It also transports protein waste 
products, such as amyloid and tau degradation products, from the brain 
via the paravenous spaces (97). The fluid in the paravenous space 
eventually moves into the subarachnoid space on the surface of the 
brain where the fluid and any waste material are absorbed into 
meningeal lymphatic vessels as reported by Aspelund et al. (98) and 
Louveau et al. (99) in 2015. This network of meningeal lymphatics 
serves the same purpose as classical lymphatic drainage and is essential 

for maintaining neurophysiological homeostasis. The fluid in the 
meningeal lymphatics is then transported out of the brain and moves 
into cervical lymphatics. Although the precise anatomic pathway taken 
by this CSF/lymphatic fluid out of the cranial cavity remains to be clearly 
defined, the greatest evidence supports its movement along the cranial 
and spinal nerves, with the olfactory nerve thought to be  the most 
predominant (78, 82). Drainage from these meningeal and cervical 
lymphatics is relatively fast as tracers injected into the brain or CSF 
accumulate in the cervical lymph nodes within minutes after injection 
into the brain or CSF (100). The discovery of this glymphatic/lymphatic 
clearance system has clearly shown that CSF and interstitial fluid are 
directionally transported within the CNS.

Interestingly, it has been shown that this glymphatic/lymphatic 
clearance system is impaired with age at which time hypertension 
also develops (101). Because the glymphatic/lymphatic system plays 
a key role in the clearance of amyloid-beta and tau proteins, this 
system has been suggested to represent a new target to combat 
neurodegenerative disease (102). There is a recent MRI tracer 
imaging study supporting this theory which showed that impaired 
peri-olfactory cerebrospinal fluid clearance through the inferior 
turbinate was associated with aging, cognitive decline, and decreased 
sleep quality (83).

15.2 Importance of lymphatic nasal 
drainage for brain fluid homeostasis

Abnormally increased parasympathetic-induced nasal turbinate 
vasodilation and resultant blood pooling that interferes with the 
normal nasal cycle would be expected to obstruct lymphatic flow from 
the brain. In a rat model, nasal turbinate lymphatics were shown to 
be important for the clearance of CNS fluid when intracranial pressure 
was artificially increased (85). An increase in intracranial pressure by 
infusion of plasma into the lateral ventricle resulted in elevated 
pressure in the deep cervical lymph nodes which receive lymphatic 
drainage from the nasal turbinates. Very recently reported research in 
a rat model has also shown that CSF moves through the cribriform 
plate along the olfactory nerve to join lymphatics in the nasal mucosa 
which then are carried to a nasopharyngeal lymphatic plexus. CSF 
then drains to cervical lymph nodes through medial deep cervical 
lymphatics. These medial deep cervical lymphatics carry a significantly 
greater volume of CSF as compared to the lateral deep cervical 
lymphatics (84).

16 Increased intracranial pressure 
consistent with arterial wall thickening

In previous studies, narrowing and thickening of the cervical 
arteries feeding the brain were cited as evidence of the selfish brain 
hypothesis of hypertension. The theory is that the vessel narrowing, 
caused either congenitally or due to atheroma formation, causes an 
elevation of blood pressure as the brain ensures that it has sufficient 
blood flow through these narrowed arteries acting via Cushing’s 
mechanism (14, 30, 31). Vertebral artery thickening has been shown 
to occur in spontaneously hypertensive rats (SHR) before the 
development of systemic hypertension (30) supporting the selfish 
brain theory.
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We believe another possible explanation for the thickened vessel 
walls is that increased intracranial pressure causes a back pressure in 
the arteries feeding the brain which leads to thickening of the cervical 
arteries. We hypothesize that lymphatic obstruction of CSF outflow 
through the nasal turbinates causes increased intracranial pressure 
and it is this increased intracranial pressure that leads to vessel wall 
thickening and increased systemic blood pressure as part of the selfish 
brain hypothesis, i.e., Cushing’s mechanism.

Evidence compatible with increased vascular thickening due to 
lymphatic obstruction has recently been published in the case of 
lymphedema of the arms in which brachial arteries feeding the 
lymphedema arm have significantly greater thickening of the arterial 
walls compared to the non-lymphedematous arm (103). The 
significantly increased wall thickness was principally due to increased 
intima-media thickening resulting in 0.38 mm in the lymphedema 
arm versus 0.31 mm in the normal arm (p = 0.0008).

17 Glymphatic/lymphatic obstruction 
of CSF leads to increased intracranial 
pressure and hypertension

The obstruction of CSF lymphatic clearance from the brain 
at the level of the nasal turbinate due to abnormal turbinate 
vasodilation and blood pooling would result in decreased 
clearance of lymphatic fluid from the brain. The decrease in 
lymphatic fluid drainage would also decrease glymphatic function 
and the clearance of CSF waste proteins from the brain. Evidence 
of fluid obstruction in the glymphatic space is provided by MRI 
imaging in which the perivascular space has been noted to 
be enlarged in patients with hypertension (104). Evidence of the 
coupling of the glymphatic system to meningeal lymphatics was 
first described by Louveau et al. (99) using fluorescent markers. 
Evidence has also been found for the coupling of these two 

systems in humans using MRI imaging (94). Prior studies by 
Johnston (78) and recent PET and MRI imaging studies have 
shown that significant CSF clearance passes through the nasal 
turbinates (83, 89). The decreased clearance of fluid from brain 
lymphatics and the glymphatic system due to nasal turbinate 
lymphatic obstruction would lead to increased intracranial 
pressure and a subsequent increase in the systemic blood pressure 
required to maintain normal blood flow to the brain via Cushing’s 
mechanism (Figure 4).

Mildly increased intracranial pressure due to lymphatic 
obstruction would also explain the significant correlation our 
group observed with increased nasal blood pooling and 
headaches (unpublished observations to be  submitted soon). 
Similarly, the vasodilation of nasal erectile tissue caused by 
sildenafil, a drug commonly used to treat erectile dysfunction, 
causes symptomatic nasal obstruction and headaches (105). 
Sildenafil is one of the most common causes of drug-induced 
headaches (106).

18 Sleep disturbances

18.1 The importance of sleep for adequate 
CSF lymphatic drainage

Numerous associations have been documented between sleep 
disturbances and the failure to clear waste products from the brain 
(107). Sleep disturbances are associated with increased CSF metabolite 
concentrations (e.g., amyloid-beta, orexin, tau proteins), and increased 
CSF volumes or pressure (108). Recent studies have suggested that 
glymphatic dysfunction is a common underlying etiology of sleep 
disorders and headache pain (109). The glymphatic system is 
particularly active during sleep whereby potentially toxic neural waste 
substances that accumulate during wakefulness are cleared via the 

FIGURE 4

Illustration of consequences of nasal turbinate obstruction leading to increased intracranial pressure and resultant essential hypertension.
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glymphatic system (108, 110). It is thought that the brain cell volume 
decreases during sleep, expanding the size of the paravascular space, 
and facilitating the influx of CSF into the peritubular space for material 
exchange and metabolic waste removal (111). Animal experiments 
using intravital 2-photon microscopy in mice showed that glymphatic 
clearance is decreased by 90% during wakefulness, while protein 
clearance in the intima of the brain doubles during sleep (97, 112).

Short sleep duration has also been associated with essential 
hypertension in many epidemiologic studies (113), although there has 
been no clear pathophysiologic connection found between the two. It 
is the authors’ hypothesis that decreased CSF clearance due to short 
sleep and obstructed nasal lymphatics is related to the development 
of hypertension.

18.2 Sleep apnea and hypertension

Obstructive sleep apnea (OSA), another common disorder, is 
strongly associated with the development of hypertension (114–116) 
and recent evidence suggests that it may also be linked with cognitive 
decline and dementia. Sleep apnea may be  the common pathway 
linking hypertension and the development of dementia (117).

The authors have found significantly increased nasal turbinate 
blood pooling in patients with OSA. In our review of 200 patients, 
sleep apnea patients had an average nose-to-heart max ratio of 0.99 
versus 0.86  in patients without sleep apnea (p = 0.0002) using the 
Wilcoxon rank-sum test (25). An example image of a patient with 
sleep apnea is shown in Figure 5. Subjects with OSA have also been 
shown to have increased sympathetic activity and sleep apnea has 
been linked to resistant hypertension (118). Although not yet 

investigated, based on our findings of increased nasal turbinate 
vasodilation in patients with OSA, it is likely that these sleep apnea 
patients also have increased nasal parasympathetic activity. In this 
regard, a recently published Phase 2 study has shown that a drug that 
reduces the activity of the parasympathetic system significantly 
improves OSA (119). This drug, taken before bedtime, significantly 
reduced the apnea-hypopnea index in OSA patients.

A prior study in sleep apnea patients used CT-acquired nasal 
turbinate measurements to find a significantly positive correlation 
between the size of the inferior nasal turbinates in obese patients with 
sleep apnea (120). This prior study did not include patients without 
sleep apnea so there were no direct comparisons of nasal turbinate size 
between sleep apnea patients and normal subjects; however, future 
studies using this CT methodology could be performed to investigate 
the correlation of nasal turbinate dimensions with hypertension and 
sleep apnea in the future.

Figure 5 is a nuclear scan of a 49-year-old female (Patient A) 
without sleep apnea, hypertension, hyperlipidemia, or diabetes, with 
a nose/heart max ratio of 0.67. Patient B is a 52-year-old female with 
sleep apnea but without hypertension or diabetes at the time of the 
study, with a nose/heart max ratio of 1.16. A CT scan at the time of the 
nuclear study showed dilated nasal turbinates. A 3-year follow-up scan 
of Patient B showed an increased nose/heart max ratio of 1.28. The 
patient had developed Stage 1 hypertension and pre-diabetes.

Increased intracranial pressure has been associated with sleep apnea 
(121, 122), a known risk factor for hypertension (123). Treatment of sleep 
apnea has been suggested as a method to prevent hypertension (124). The 
increased intracranial pressure associated with sleep apnea and obesity 
has even been reported to cause thinning of the skull with an increased 
likelihood of producing a CSF leak (122). Our findings of nasal 
vasodilation in patients with hypertension and sleep apnea suggest the 
possibility that obstruction of the CSF lymphatic clearance from the brain 
through nasal turbinate lymphatics is responsible for the increased 
intracranial pressure and the resultant sleep apnea and hypertension. 
Obstruction of nasal turbinate lymphatic flow as described in this article 
could also be  related to the development of idiopathic intracranial 
hypertension (IIH). The most common occurrence of IIH is in obese 
women of childbearing age who are also more likely to have essential 
hypertension and metabolic syndrome. Sleep apnea has also been 
associated with both essential hypertension and IIH (116, 125).

19 Future confirmatory studies

The proposed mechanism of essential hypertension presented in this 
paper is a working hypothesis and confirmatory studies will be needed. 
There is a potential for prospective studies to complement the 
retrospective studies in patients with hypertension as discussed in this 
paper. Studies could be performed using nuclear blood pool imaging to 
assess nasal turbinates as in our retrospective studies. An advantage of the 
nuclear imaging technique is that dynamic imaging, viewing changes in 
the nasal blood pool over 8 h, could be performed by simply placing a 
standard gamma camera over the upper body of the patient. This would 
allow studies to be performed during sleep or during other medical or 
physical interventions that affect the nasal turbinates. The gamma camera 
could be placed several inches away from the patient, resulting in minimal 
disturbance. To perform prolonged studies, a blood pool imaging agent 
such as labeled red blood cells could be  utilized to permit dynamic 
imaging for 8–12 h. Technetium-99 m labeled red blood cells are standard 

FIGURE 5

Patients without (A) and with (B) sleep apnea.
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blood pool nuclear imaging agents most commonly used for locating the 
site of gastrointestinal bleeding, diagnosing hepatic hemangiomas, and 
determining left ventricular ejection fractions (126). Other imaging 
studies to assess nasal turbinate vasodilation in hypertension could 
be performed with MRI or CT, such as those previously reported by 
Rodrigues et  al. (120), stating that obese patients had inferior 
turbinate hypertrophy.

Other studies could be  performed with MRI contrast agents, 
investigating the lymphatic drainage of cerebrospinal fluid through 
nasal turbinates and its association with hypertension. Studies could 
also be performed to further assess the absence or presence of the 
nasal cycle in patients with hypertension as compared to controls.

20 Potential novel therapeutic 
approaches targeting the nasal 
turbinates

Based on the evidence in this paper, the nasal turbinates are 
potential targets for the treatment of hypertension. One possible 
treatment would be to block the increased parasympathetic activity of 
the nasal turbinates by blocking the sphenopalatine ganglion that carries 
parasympathetic activity to the nasal turbinates. The sphenopalatine 
ganglion is the largest extracranial parasympathetic ganglion of the head 
(127). Sphenopalatine ganglion blockage has been used to treat migraine 
headaches (127) and a recent study has shown that blocking the 
sphenopalatine ganglion can modestly lower blood pressure (128). 
However, completely blocking parasympathetic activity to the nose may 
not be the best approach for treating hypertension as it would adversely 
affect the nasal cycle which is dependent on alternating sympathetic and 
parasympathetic activity to the nasal turbinates (72) which may 
be important for the clearance of CSF fluid from the brain.

Future therapeutic approaches could be aimed at increasing the 
volume of CSF flowing through the nasal lymphatics. These therapies’ 
goal would be  to restore the nasal cycle or to use other physical 
approaches to increase the movement of CSF through and out of the 
brain. Decreasing intracranial pressure through therapy targeted at the 
nasal turbinates could lead to significantly improved blood pressure 
control and a more effective treatment for sleep apnea.

21 Conclusion

Finding more effective treatments for essential hypertension offers 
the possibility of better blood pressure control resulting in a decrease 
in the incidence of myocardial infarction, stroke, renal failure, 
dementia, and overall mortality currently associated with 
hypertension. Considering that accumulation of amyloid and tau 

proteins in the brain are involved in the pathogenesis of 
neurodegenerative diseases, the potential of treating hypertension by 
methods that focus on nasal turbinate obstruction and/or increasing 
cerebrospinal fluid lymphatic flow may also offer a therapeutic benefit 
for neurodegenerative pathologies in addition to its potential to 
treat hypertension.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Author contributions

WP: Conceptualization, Methodology, Writing – original draft, 
Writing – review & editing. JS: Conceptualization, Methodology, 
Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank Jonathan Sumner for his contribution to the 
medical illustration (Figure 4).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 

countries and territories, 1990–2019: a systematic analysis for the Global Burden 
of Disease Study 2019. Lancet. (2020) 396:1223–49. doi: 10.1016/
S0140-6736(20)30752-2

 2. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in hypertension 
prevalence and progress in treatment and control from 1990 to 2019: a pooled analysis 
of 1201 population-representative studies with 104 million participants. Lancet. (2021) 
398:957–80. doi: 10.1016/S0140-6736(21)01330-1

 3. Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat Rev 
Nephrol. (2020) 16:223–37. doi: 10.1038/s41581-019-0244-2

 4. Fryar CD, Carroll MD, Ogden CL. Prevalence of overweight, obesity, and extreme 
obesity among adults: United  States, 1960–1962 through 2011–2012. Hyattsville, 
Maryland, USA: National Center for Health Statistics (2014).

 5. Pan XF, Wang L, Pan A. Epidemiology and determinants of obesity in China. Lancet 
Diabetes Endocrinol. (2021) 9:373–92. doi: 10.1016/S2213-8587(21)00045-0

https://doi.org/10.3389/fmed.2024.1380632
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(21)01330-1
https://doi.org/10.1038/s41581-019-0244-2
https://doi.org/10.1016/S2213-8587(21)00045-0


Phillips and Schwartz 10.3389/fmed.2024.1380632

Frontiers in Medicine 13 frontiersin.org

 6. Bludorn J, Railey K. Hypertension guidelines and interventions. Prim Care. (2024) 
51:41–52. doi: 10.1016/j.pop.2023.07.002

 7. Ouyang H. Bariatric surgery at 16. N Y Times Mag. (2023):24–33.

 8. Tu WJ, Zhao Z, Yin P, Cao L, Zeng J, Chen H, et al. Estimated burden of stroke in 
China in 2020. JAMA Netw Open. (2023) 6:e231455. doi: 10.1001/
jamanetworkopen.2023.1455

 9. Ferdinand KC, Charbonnet RM, Laurent J, Villavaso CD. Eliminating hypertension 
disparities in U.S. non-Hispanic black adults: current and emerging interventions. Curr 
Opin Cardiol. (2023) 38:304–10. doi: 10.1097/HCO.0000000000001040

 10. Onwuzo C, Olukorode JO, Omokore OA, Odunaike OS, Omiko R, Osaghae OW, 
et al. DASH diet: a review of its scientifically proven hypertension reduction and health 
benefits. Cureus. (2023) 15:e44692. doi: 10.7759/cureus.44692

 11. Gupta DK, Lewis CE, Varady KA, Su YR, Madhur MS, Lackland DT, et al. Effect 
of dietary sodium on blood pressure: a crossover trial. JAMA. (2023) 330:2258–66. doi: 
10.1001/jama.2023.23651

 12. Grassi G. Sympathetic modulation as a goal of antihypertensive treatment: from 
drugs to devices. J Hypertens. (2023) 41:1688–95. doi: 10.1097/HJH.0000000000003538

 13. Carthy ER. Autonomic dysfunction in essential hypertension: a systematic review. 
Ann Med Surg. (2014) 3:2–7. doi: 10.1016/j.amsu.2013.11.002

 14. Hart EC. Human hypertension, sympathetic activity and the selfish brain. Exp 
Physiol. (2016) 101:1451–62. doi: 10.1113/EP085775

 15. Grassi G, Dell’Oro R, Quarti-Trevano F, Vanoli J, Oparil S. Sympathetic neural 
mechanisms in hypertension: recent insights. Curr Hypertens Rep. (2023) 25:263–70. 
doi: 10.1007/s11906-023-01254-4

 16. Mancia G, Grassi G. The autonomic nervous system and hypertension. Circ Res. 
(2014) 114:1804–14. doi: 10.1161/CIRCRESAHA.114.302524

 17. Louca P, Menni C, Padmanabhan S. Genomic determinants of hypertension with 
a focus on metabolomics and the gut microbiome. Am J Hypertens. (2020) 33:473–81. 
doi: 10.1093/ajh/hpaa022

 18. Calvillo L, Gironacci MM, Crotti L, Meroni PL, Parati G. Neuroimmune crosstalk 
in the pathophysiology of hypertension. Nat Rev Cardiol. (2019) 16:476–90. doi: 
10.1038/s41569-019-0178-1

 19. Arif M, Sadayappan S, Becker RC, Martin LJ, Urbina EM. Epigenetic modification: 
a regulatory mechanism in essential hypertension. Hypertens Res. (2019) 42:1099–113. 
doi: 10.1038/s41440-019-0248-0

 20. Fernandes-Rosa FL, Boulkroun S, Fedlaoui B, Hureaux M, Travers-Allard S, 
Drossart T, et al. New advances in endocrine hypertension: from genes to biomarkers. 
Kidney Int. (2023) 103:485–500. doi: 10.1016/j.kint.2022.12.021

 21. Rossi GP, Ceolotto G, Caroccia B, Lenzini L. Genetic screening in arterial 
hypertension. Nat Rev Endocrinol. (2017) 13:289–98. doi: 10.1038/nrendo.2016.196

 22. Micaglio E, Locati ET, Monasky MM, Romani F, Heilbron F, Pappone C. Role of 
pharmacogenetics in adverse drug reactions: an update towards personalized medicine. 
Front Pharmacol. (2021) 12:651720. doi: 10.3389/fphar.2021.651720

 23. Luft FC. Did you know? Why is essential hypertension essential-or is it? Acta 
Physiol. (2020) 229:e13469. doi: 10.1111/apha.13469

 24. Chan RJ, Helmeczi W, Hiremath SS. Revisiting resistant hypertension: a 
comprehensive review. Intern Med J. (2023) 53:1739–51. doi: 10.1111/imj.16189

 25. Phillips WT, Issa NJ, Elhalwagi SB, Draeger HT, Schwartz JG, Gelfond JA. Nasal 
and parotid blood pool activity is significantly correlated with metabolic syndrome 
components and sleep apnea. Metab Syndr Relat Disord. (2022) 20:395–404. doi: 
10.1089/met.2022.0015

 26. Phillips WT, Salman UA, McMahan CA, Schwartz JG. Accelerated gastric 
emptying in hypertensive subjects. J Nucl Med. (1997) 38:207–11.

 27. Phillips WT, Schwartz JG, McMahan CA. Rapid gastric emptying in patients with 
early non-insulin-dependent diabetes mellitus. N Engl J Med. (1991) 324:130–1. doi: 
10.1056/nejm199101103240217

 28. Schwartz JG, Green GM, Guan D, McMahan CA, Phillips WT. Rapid gastric 
emptying of a solid pancake meal in type II diabetic patients. Diabetes Care. (1996) 
19:468–71. doi: 10.2337/diacare.19.5.468

 29. Schwartz JG, McMahan CA, Green GM, Phillips WT. Gastric emptying in Mexican 
Americans compared to non-Hispanic whites. Dig Dis Sci. (1995) 40:624–30. doi: 
10.1007/bf02064382

 30. Paton JF, Dickinson CJ, Mitchell G. Harvey Cushing and the regulation of blood 
pressure in giraffe, rat and man: introducing ‘Cushing’s mechanism’. Exp Physiol. (2009) 
94:11–7. doi: 10.1113/expphysiol.2008.043455

 31. Dickinson CJ, Thomson AD. A post mortem study of the main cerebral arteries 
with special reference to their possible role in blood pressure regulation. Clin Sci. (1960) 
19:513–38.

 32. da Costa MM, Sousa ALL, Correia MC, Inuzuka S, Costa TO, Vitorino PVO, et al. 
Intracranial pressure waveform in patients with essential hypertension. Front Cardiovasc 
Med. (2023) 10:1288080. doi: 10.3389/fcvm.2023.1288080

 33. Dickinson CJ. Reappraisal of the Cushing reflex: the most powerful neural blood 
pressure stabilizing system. Clin Sci. (1990) 79:543–50. doi: 10.1042/cs0790543

 34. Kety SS, Hafkenschiel JH, Jeffers WA, Leopold IH, Shenkin HA. The blood flow, 
vascular resistance, and oxygen consumption of the brain in essential hypertension. J 
Clin Invest. (1948) 27:511–4. doi: 10.1172/jci101998

 35. Paton JF, Raizada MK. Neurogenic hypertension. Exp Physiol. (2010) 95:569–71. 
doi: 10.1113/expphysiol.2009.047282

 36. Fisher JP, Paton JF. The sympathetic nervous system and blood pressure in 
humans: implications for hypertension. J Hum Hypertens. (2012) 26:463–75. doi: 
10.1038/jhh.2011.66

 37. Cushing H. Concerning a definitive regulatory mechanism of the vasomotor 
centre which controls blood pressure during cerebral compression. Bull Johns Hopk 
Hosp. (1901):290–2.

 38. Cushing H. Some experimental and clinical observations concerning states of 
increased intracranial tension. Am J Med Sci. (1902) 124:375–400. doi: 
10.1097/00000441-190209000-00001

 39. Smith ER, Madsen JR. Cerebral pathophysiology and critical care neurology: basic 
hemodynamic principles, cerebral perfusion, and intracranial pressure. Semin Pediatr 
Neurol. (2004) 11:89–104. doi: 10.1016/j.spen.2004.04.001

 40. Nobili F, Rodriguez G, Marenco S, De Carli F, Gambaro M, Castello C, et al. 
Regional cerebral blood flow in chronic hypertension. A correlative study. Stroke. (1993) 
24:1148–53. doi: 10.1161/01.str.24.8.1148

 41. Faraci FM, Heistad DD. Regulation of large cerebral arteries and cerebral 
microvascular pressure. Circ Res. (1990) 66:8–17. doi: 10.1161/01.res.66.1.8

 42. Schmidt EA, Despas F, Pavy-Le Traon A, Czosnyka Z, Pickard JD, Rahmouni K, 
et al. Intracranial pressure is a determinant of sympathetic activity. Front Physiol. (2018) 
9:11. doi: 10.3389/fphys.2018.00011

 43. Warnert EA, Rodrigues JC, Burchell AE, Neumann S, Ratcliffe LE, Manghat NE, 
et al. Is high blood pressure self-protection for the brain? Circ Res. (2016) 119:e140–51. 
doi: 10.1161/CIRCRESAHA.116.309493

 44. Manghat NE, Robinson E, Mitrousi K, Rodrigues JCL, Hinton T, Paton JFR, et al. 
Cerebrovascular variants and the role of the selfish brain in young-onset hypertension. 
Hypertension. (2022) 79:1265–74. doi: 10.1161/HYPERTENSIONAHA.121.18612

 45. Bhatia V, Tandon RK. Stress and the gastrointestinal tract. J Gastroenterol Hepatol. 
(2005) 20:332–9. doi: 10.1111/j.1440-1746.2004.03508.x

 46. Baraniuk JN, Merck SJ. New concepts of neural regulation in human nasal mucosa. 
Acta Clin Croat. (2009) 48:65–73. doi: 10.1111/j.1749-6632.2009.04481.x

 47. Armstrong R, Wheen P, Brandon L, Maree A, Kenny RA. Heart rate: control 
mechanisms, pathophysiology and assessment of the neurocardiac system in health and 
disease. QJM. (2022) 115:806–12. doi: 10.1093/qjmed/hcab016

 48. Esler M. The sympathetic nervous system in hypertension: back to the future? Curr 
Hypertens Rep. (2015) 17:11. doi: 10.1007/s11906-014-0519-8

 49. Grassi G, Biffi A, Dell’Oro R, Quarti Trevano F, Seravalle G, Corrao G, et al. 
Sympathetic neural abnormalities in type 1 and type 2 diabetes: a systematic review and 
meta-analysis. J Hypertens. (2020) 38:1436–42. doi: 10.1097/HJH.0000000000002431

 50. Smith PA, Graham LN, Mackintosh AF, Stoker JB, Mary DA. Relationship between 
central sympathetic activity and stages of human hypertension. Am J Hypertens. (2004) 
17:217–22. doi: 10.1016/j.amjhyper.2003.10.010

 51. Wallin BG, Delius W, Hagbarth KE. Comparison of sympathetic nerve activity in 
normotensive and hypertensive subjects. Circ Res. (1973) 33:9–21. doi: 10.1161/01.res.33.1.9

 52. Seravalle G, Grassi G. Sympathetic nervous system and hypertension: new 
evidences. Auton Neurosci. (2022) 238:102954. doi: 10.1016/j.autneu.2022.102954

 53. Morise T, Horita M, Kitagawa I, Shinzato R, Hoshiba Y, Masuya H, et al. The 
potent role of increased sympathetic tone in pathogenesis of essential hypertension with 
neurovascular compression. J Hum Hypertens. (2000) 14:807–11. doi: 10.1038/sj.
jhh.1001114

 54. Böhm R, van Baak M, van Hooff M, Moy J, Rahn KH. Salivary flow in borderline 
hypertension. Klin Wochenschr. (1985) 63:154–6.

 55. Salman UA, Schwartz JG, McMahan CA, Michalek JE, Phillips WT. Rapid gastric 
emptying in spontaneously hypertensive rats. J Hypertens. (2023) 42:572–8. doi: 10.1097/
HJH.0000000000003640

 56. De Fano M, Porcellati F, Fanelli CG, Corio S, Mazzieri A, Lucidi P, et al. The role 
of gastric emptying in glucose homeostasis and defense against hypoglycemia: innocent 
bystander or partner in crime? Diabetes Res Clin Pract. (2023) 203:110828. doi: 
10.1016/j.diabres.2023.110828

 57. Murthy TA, Grivell J, Hatzinikolas S, Chapple LS, Chapman MJ, Stevens JE, et al. 
Acceleration of gastric emptying by insulin-induced hypoglycemia is dependent on the 
degree of hypoglycemia. J Clin Endocrinol Metab. (2021) 106:364–71. doi: 10.1210/
clinem/dgaa854

 58. Schvarcz E, Palmér M, Aman J, Berne C. Hypoglycemia increases the gastric 
emptying rate in healthy subjects. Diabetes Care. (1995) 18:674–6. doi: 10.2337/
diacare.18.5.674

https://doi.org/10.3389/fmed.2024.1380632
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.pop.2023.07.002
https://doi.org/10.1001/jamanetworkopen.2023.1455
https://doi.org/10.1001/jamanetworkopen.2023.1455
https://doi.org/10.1097/HCO.0000000000001040
https://doi.org/10.7759/cureus.44692
https://doi.org/10.1001/jama.2023.23651
https://doi.org/10.1097/HJH.0000000000003538
https://doi.org/10.1016/j.amsu.2013.11.002
https://doi.org/10.1113/EP085775
https://doi.org/10.1007/s11906-023-01254-4
https://doi.org/10.1161/CIRCRESAHA.114.302524
https://doi.org/10.1093/ajh/hpaa022
https://doi.org/10.1038/s41569-019-0178-1
https://doi.org/10.1038/s41440-019-0248-0
https://doi.org/10.1016/j.kint.2022.12.021
https://doi.org/10.1038/nrendo.2016.196
https://doi.org/10.3389/fphar.2021.651720
https://doi.org/10.1111/apha.13469
https://doi.org/10.1111/imj.16189
https://doi.org/10.1089/met.2022.0015
https://doi.org/10.1056/nejm199101103240217
https://doi.org/10.2337/diacare.19.5.468
https://doi.org/10.1007/bf02064382
https://doi.org/10.1113/expphysiol.2008.043455
https://doi.org/10.3389/fcvm.2023.1288080
https://doi.org/10.1042/cs0790543
https://doi.org/10.1172/jci101998
https://doi.org/10.1113/expphysiol.2009.047282
https://doi.org/10.1038/jhh.2011.66
https://doi.org/10.1097/00000441-190209000-00001
https://doi.org/10.1016/j.spen.2004.04.001
https://doi.org/10.1161/01.str.24.8.1148
https://doi.org/10.1161/01.res.66.1.8
https://doi.org/10.3389/fphys.2018.00011
https://doi.org/10.1161/CIRCRESAHA.116.309493
https://doi.org/10.1161/HYPERTENSIONAHA.121.18612
https://doi.org/10.1111/j.1440-1746.2004.03508.x
https://doi.org/10.1111/j.1749-6632.2009.04481.x
https://doi.org/10.1093/qjmed/hcab016
https://doi.org/10.1007/s11906-014-0519-8
https://doi.org/10.1097/HJH.0000000000002431
https://doi.org/10.1016/j.amjhyper.2003.10.010
https://doi.org/10.1161/01.res.33.1.9
https://doi.org/10.1016/j.autneu.2022.102954
https://doi.org/10.1038/sj.jhh.1001114
https://doi.org/10.1038/sj.jhh.1001114
https://doi.org/10.1097/HJH.0000000000003640
https://doi.org/10.1097/HJH.0000000000003640
https://doi.org/10.1016/j.diabres.2023.110828
https://doi.org/10.1210/clinem/dgaa854
https://doi.org/10.1210/clinem/dgaa854
https://doi.org/10.2337/diacare.18.5.674
https://doi.org/10.2337/diacare.18.5.674


Phillips and Schwartz 10.3389/fmed.2024.1380632

Frontiers in Medicine 14 frontiersin.org

 59. Lopez-Gambero AJ, Martinez F, Salazar K, Cifuentes M, Nualart F. Brain glucose-
sensing mechanism and energy homeostasis. Mol Neurobiol. (2019) 56:769–96. doi: 
10.1007/s12035-018-1099-4

 60. Shi M, Jones AR, Niedringhaus MS, Pearson RJ, Biehl AM, Ferreira M Jr, et al. 
Glucose acts in the CNS to regulate gastric motility during hypoglycemia. Am J Physiol 
Regul Integr Comp Physiol. (2003) 285:R1192–202. doi: 10.1152/ajpregu.00179.2003

 61. Phillips WT, Schwartz JG, McMahan CA. Reduced postprandial blood glucose levels 
in recently diagnosed non-insulin-dependent diabetics secondary to pharmacologically 
induced delayed gastric emptying. Dig Dis Sci. (1993) 38:51–8. doi: 10.1007/BF01296773

 62. Lincoff AM, Brown-Frandsen K, Colhoun HM, Deanfield J, Emerson SS, Esbjerg 
S, et al. Semaglutide and cardiovascular outcomes in obesity without diabetes. N Engl J 
Med. (2023) 389:2221–32. doi: 10.1056/NEJMoa2307563

 63. Lovshin JA, Zinman B. Blood pressure-lowering effects of incretin-based diabetes 
therapies. Can J Diabetes. (2014) 38:364–71. doi: 10.1016/j.jcjd.2014.05.001

 64. Wang B, Zhong J, Lin H, Zhao Z, Yan Z, He H, et al. Blood pressure-lowering 
effects of GLP-1 receptor agonists exenatide and liraglutide: a meta-analysis of clinical 
trials. Diabetes Obes Metab. (2013) 15:737–49. doi: 10.1111/dom.12085

 65. Li QX, Gao H, Guo YX, Wang BY, Hua RX, Gao L, et al. GLP-1 and underlying 
beneficial actions in Alzheimer’s disease, hypertension, and NASH. Front Endocrinol. 
(2021) 12:721198. doi: 10.3389/fendo.2021.721198

 66. Cole P, Haight JS, Cooper PW, Kassel EE. A computed tomographic study of nasal 
mucosa: effects of vasoactive substances. J Otolaryngol. (1983) 12:58–60.

 67. Ng BA, Ramsey RG, Corey JP. The distribution of nasal erectile mucosa as 
visualized by magnetic resonance imaging. Ear Nose Throat J. (1999) 78:159–6. doi: 
10.1177/014556139907800309

 68. Cassano M, Russo L, Del Giudice AM, Gelardi M. Cytologic alterations in nasal 
mucosa after sphenopalatine artery ligation in patients with vasomotor rhinitis. Am J 
Rhinol Allergy. (2012) 26:49–54. doi: 10.2500/ajra.2012.26.3683

 69. Jennings JR, Muldoon MF, Sved AF. Is the brain an early or late component of 
essential hypertension? Am J Hypertens. (2020) 33:482–90. doi: 10.1093/ajh/hpaa038

 70. Jennings JR, Zanstra Y. Is the brain the essential in hypertension? NeuroImage. 
(2009) 47:914–21. doi: 10.1016/j.neuroimage.2009.04.072

 71. Dickinson CJ, Thomason AD. Vertebral and internal carotid arteries in relation to 
hypertension and cerebrovascular disease. Lancet. (1959) 2:46–8. doi: 10.1016/
s0140-6736(59)90494-5

 72. Kahana-Zweig R, Geva-Sagiv M, Weissbrod A, Secundo L, Soroker N, Sobel N. 
Measuring and characterizing the human nasal cycle. PLoS One. (2016) 11:e0162918. 
doi: 10.1371/journal.pone.0162918

 73. Soane RJ, Carney AS, Jones NS, Frier M, Perkins AC, Davis SS, et al. The effect of 
the nasal cycle on mucociliary clearance. Clin Otolaryngol Allied Sci. (2001) 26:9–15. 
doi: 10.1046/j.1365-2273.2001.00423.x

 74. Eccles R. The role of nasal congestion as a defence against respiratory viruses. Clin 
Otolaryngol. (2021) 46:4–8. doi: 10.1111/coa.13658

 75. Mirza N, Kroger H, Doty RL. Influence of age on the ‘nasal cycle’. Laryngoscope. 
(1997) 107:62–6. doi: 10.1097/00005537-199701000-00014

 76. Williams MR, Eccles R. The nasal cycle and age. Acta Otolaryngol. (2015) 
135:831–4. doi: 10.3109/00016489.2015.1028592

 77. Hu J, Shen Y, Fahmy LM, Krishnamurthy S, Li J, Zhang L, et al. The role of the 
parenchymal vascular system in cerebrospinal fluid tracer clearance. Eur Radiol. (2023) 
33:656–65. doi: 10.1007/s00330-022-09022-9

 78. Johnston M. The importance of lymphatics in cerebrospinal fluid transport. 
Lymphat Res Biol. (2003) 1:41–5. doi: 10.1089/15396850360495682

 79. Johnston M, Papaiconomou C. Cerebrospinal fluid transport: a lymphatic 
perspective. News Physiol Sci. (2002) 17:227–30. doi: 10.1152/nips.01400.2002

 80. Mehta NH, Sherbansky J, Kamer AR, Carare RO, Butler T, Rusinek H, et al. The 
brain-nose interface: a potential cerebrospinal fluid clearance site in humans. Front 
Physiol. (2021) 12:769948. doi: 10.3389/fphys.2021.769948

 81. Chae J, Choi M, Choi J, Yoo SJ. The nasal lymphatic route of CSF outflow: 
implications for neurodegenerative disease diagnosis and monitoring. Anim Cells Syst. 
(2024) 28:45–54. doi: 10.1080/19768354.2024.2307559

 82. Nagra G, Koh L, Zakharov A, Armstrong D, Johnston M. Quantification of 
cerebrospinal fluid transport across the cribriform plate into lymphatics in rats. 
Am J Physiol Regul Integr Comp Physiol. (2006) 291:R1383–9. doi: 10.1152/
ajpregu.00235.2006

 83. Zhou Y, Ran W, Luo Z, Wang J, Fang M, Wei K, et al. Impaired peri-olfactory 
cerebrospinal fluid clearance is associated with ageing, cognitive decline and dyssomnia. 
EBioMedicine. (2022) 86:104381. doi: 10.1016/j.ebiom.2022.104381

 84. Yoon JH, Jin H, Kim HJ, Hong SP, Yang MJ, Ahn JH, et al. Nasopharyngeal 
lymphatic plexus is a hub for cerebrospinal fluid drainage. Nature. (2024) 625:768–77. 
doi: 10.1038/s41586-023-06899-4

 85. Koh L, Nagra G, Johnston M. Properties of the lymphatic cerebrospinal fluid 
transport system in the rat: impact of elevated intracranial pressure. J Vasc Res. (2007) 
44:423–32. doi: 10.1159/000104255

 86. Boulton M, Flessner M, Armstrong D, Hay J, Johnston M. Lymphatic drainage of 
the CNS: effects of lymphatic diversion/ligation on CSF protein transport to plasma. Am 
J Phys. (1997) 272:R1613–9. doi: 10.1152/ajpregu.1997.272.5.R1613

 87. Mollanji R, Bozanovic-Sosic R, Zakharov A, Makarian L, Johnston MG. Blocking 
cerebrospinal fluid absorption through the cribriform plate increases resting intracranial 
pressure. Am J Physiol Regul Integr Comp Physiol. (2002) 282:R1593–9. doi: 10.1152/
ajpregu.00695.2001

 88. Schwalbe G. Die Arachnoidalraum ein Lymphraum und sein Zusammenhang mit 
den Perichorioidalraum. [the arachnoidal space as a lymphatic space with connection 
to the perichoroidal compartment]. Zbl Med Wiss. (1869) 7:4650467.

 89. de Leon MJ, Li Y, Okamura N, Tsui WH, Saint-Louis LA, Glodzik L, et al. 
Cerebrospinal fluid clearance in Alzheimer disease measured with dynamic PET. J Nucl 
Med. (2017) 58:1471–6. doi: 10.2967/jnumed.116.187211

 90. Spera I, Cousin N, Ries M, Kedracka A, Castillo A, Aleandri S, et al. Open 
pathways for cerebrospinal fluid outflow at the cribriform plate along the olfactory 
nerves. EBioMedicine. (2023) 91:104558. doi: 10.1016/j.ebiom.2023.104558

 91. Leeds SE, Kong AK, Wise BL. Alternative pathways for drainage of cerebrospinal 
fluid in the canine brain. Lymphology. (1989) 22:144–6.

 92. Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of cerebrospinal fluid is 
predominantly through lymphatic vessels and is reduced in aged mice. Nat Commun. 
(2017) 8:1434. doi: 10.1038/s41467-017-01484-6

 93. Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore KM, 
et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. 
Nature. (2018) 560:185–91. doi: 10.1038/s41586-018-0368-8

 94. Ringstad G, Eide PK. Glymphatic-lymphatic coupling: assessment of the evidence 
from magnetic resonance imaging of humans. Cell Mol Life Sci. (2024) 81:131. doi: 
10.1007/s00018-024-05141-2

 95. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular 
pathway facilitates CSF flow through the brain parenchyma and the clearance of 
interstitial solutes, including amyloid beta. Sci Transl Med. (2012) 4:147ra111. doi: 
10.1126/scitranslmed.3003748

 96. Reiter RJ, Sharma R, Rosales-Corral S, de Mange J, Phillips WT, Tan DX, 
et al. Melatonin in ventricular and subarachnoid cerebrospinal fluid: its function 
in the neural glymphatic network and biological significance for neurocognitive 
health. Biochem Biophys Res Commun. (2022) 605:70–81. doi: 10.1016/j.
bbrc.2022.03.025

 97. Nedergaard M, Goldman SA. Glymphatic failure as a final common pathway to 
dementia. Science. (2020) 370:50–6. doi: 10.1126/science.abb8739

 98. Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, et al. A dural 
lymphatic vascular system that drains brain interstitial fluid and macromolecules. J Exp 
Med. (2015) 212:991–9. doi: 10.1084/jem.20142290

 99. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Structural 
and functional features of central nervous system lymphatic vessels. Nature. (2015) 
523:337–41. doi: 10.1038/nature14432

 100. Plog BA, Dashnaw ML, Hitomi E, Peng W, Liao Y, Lou N, et al. Biomarkers of 
traumatic injury are transported from brain to blood via the glymphatic system. J 
Neurosci. (2015) 35:518–26. doi: 10.1523/JNEUROSCI.3742-14.2015

 101. Kress BT, Iliff JJ, Xia M, Wang M, Wei HS, Zeppenfeld D, et al. Impairment of 
paravascular clearance pathways in the aging brain. Ann Neurol. (2014) 76:845–61. doi: 
10.1002/ana.24271

 102. Mestre H, Mori Y, Nedergaard M. The brain’s glymphatic system: current 
controversies. Trends Neurosci. (2020) 43:458–66. doi: 10.1016/j.tins.2020.04.003

 103. Klusch V, Boyle EC, Rustum S, Franz M, Park-Simon TW, Haverich A, et al. 
Chronic unilateral arm lymphedema correlates with increased intima-media thickness 
in the brachial artery. Vasa. (2022) 51:19–23. doi: 10.1024/0301-1526/a000982

 104. Shulyatnikova T, Hayden MR. Why are perivascular spaces important? Medicina. 
(2023) 59:917. doi: 10.3390/medicina59050917

 105. Kiroglu AF, Bayrakli H, Yuca K, Cankaya H, Kiris M. Nasal obstruction as a 
common side-effect of sildenafil citrate. Tohoku J Exp Med. (2006) 208:251–4. doi: 
10.1620/tjem.208.251

 106. Young WB. Drug-induced headache. Neurol Clin. (2004) 22:173–84. doi: 10.1016/
s0733-8619(03)00090-2

 107. Komaroff AL. Does sleep flush wastes from the brain? JAMA. (2021) 325:2153–5. 
doi: 10.1001/jama.2021.5631

 108. Chong PLH, Garic D, Shen MD, Lundgaard I, Schwichtenberg AJ. Sleep, 
cerebrospinal fluid, and the glymphatic system: a systematic review. Sleep Med Rev. 
(2022) 61:101572. doi: 10.1016/j.smrv.2021.101572

 109. Yi T, Gao P, Zhu T, Yin H, Jin S. Glymphatic system dysfunction: a novel mediator of 
sleep disorders and headaches. Front Neurol. (2022) 13:885020. doi: 10.3389/fneur.2022.885020

 110. Rasmussen MK, Mestre H, Nedergaard M. Fluid transport in the brain. Physiol 
Rev. (2022) 102:1025–151. doi: 10.1152/physrev.00031.2020

 111. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives metabolite 
clearance from the adult brain. Science. (2013) 342:373–7. doi: 10.1126/science.1241224

https://doi.org/10.3389/fmed.2024.1380632
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s12035-018-1099-4
https://doi.org/10.1152/ajpregu.00179.2003
https://doi.org/10.1007/BF01296773
https://doi.org/10.1056/NEJMoa2307563
https://doi.org/10.1016/j.jcjd.2014.05.001
https://doi.org/10.1111/dom.12085
https://doi.org/10.3389/fendo.2021.721198
https://doi.org/10.1177/014556139907800309
https://doi.org/10.2500/ajra.2012.26.3683
https://doi.org/10.1093/ajh/hpaa038
https://doi.org/10.1016/j.neuroimage.2009.04.072
https://doi.org/10.1016/s0140-6736(59)90494-5
https://doi.org/10.1016/s0140-6736(59)90494-5
https://doi.org/10.1371/journal.pone.0162918
https://doi.org/10.1046/j.1365-2273.2001.00423.x
https://doi.org/10.1111/coa.13658
https://doi.org/10.1097/00005537-199701000-00014
https://doi.org/10.3109/00016489.2015.1028592
https://doi.org/10.1007/s00330-022-09022-9
https://doi.org/10.1089/15396850360495682
https://doi.org/10.1152/nips.01400.2002
https://doi.org/10.3389/fphys.2021.769948
https://doi.org/10.1080/19768354.2024.2307559
https://doi.org/10.1152/ajpregu.00235.2006
https://doi.org/10.1152/ajpregu.00235.2006
https://doi.org/10.1016/j.ebiom.2022.104381
https://doi.org/10.1038/s41586-023-06899-4
https://doi.org/10.1159/000104255
https://doi.org/10.1152/ajpregu.1997.272.5.R1613
https://doi.org/10.1152/ajpregu.00695.2001
https://doi.org/10.1152/ajpregu.00695.2001
https://doi.org/10.2967/jnumed.116.187211
https://doi.org/10.1016/j.ebiom.2023.104558
https://doi.org/10.1038/s41467-017-01484-6
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1007/s00018-024-05141-2
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1016/j.bbrc.2022.03.025
https://doi.org/10.1016/j.bbrc.2022.03.025
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1038/nature14432
https://doi.org/10.1523/JNEUROSCI.3742-14.2015
https://doi.org/10.1002/ana.24271
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1024/0301-1526/a000982
https://doi.org/10.3390/medicina59050917
https://doi.org/10.1620/tjem.208.251
https://doi.org/10.1016/s0733-8619(03)00090-2
https://doi.org/10.1016/s0733-8619(03)00090-2
https://doi.org/10.1001/jama.2021.5631
https://doi.org/10.1016/j.smrv.2021.101572
https://doi.org/10.3389/fneur.2022.885020
https://doi.org/10.1152/physrev.00031.2020
https://doi.org/10.1126/science.1241224


Phillips and Schwartz 10.3389/fmed.2024.1380632

Frontiers in Medicine 15 frontiersin.org

 112. Miyakoshi LM, Staeger FF, Li Q, Pan C, Xie L, Kang H, et al. The state of brain 
activity modulates cerebrospinal fluid transport. Prog Neurobiol. (2023) 
229:102512:102512. doi: 10.1016/j.pneurobio.2023.102512

 113. Killick R, Stranks L, Hoyos CM. Sleep deficiency and cardiometabolic disease. 
Sleep Med Clin. (2023) 18:331–47. doi: 10.1016/j.jsmc.2023.05.012

 114. Battaglia E, Banfi P, Compalati E, Nicolini A, Diaz DETT, Gonzales M, et al. The 
pathogenesis of OSA-related hypertension: what are the determining factors? Minerva 
Med. (2023) 115:68–82. doi: 10.23736/s0026-4806.23.08466-5

 115. Brown J, Yazdi F, Jodari-Karimi M, Owen JG, Reisin E. Obstructive sleep apnea 
and hypertension: updates to a critical relationship. Curr Hypertens Rep. (2022) 
24:173–84. doi: 10.1007/s11906-022-01181-w

 116. Chaudhary SC, Gupta P, Sawlani KK, Gupta KK, Singh A, Usman K, et al. Obstructive 
sleep apnea in hypertension. Cureus. (2023) 15:e38229. doi: 10.7759/cureus.38229

 117. Mansukhani MP, Kolla BP, Somers VK. Hypertension and cognitive decline: 
implications of obstructive sleep apnea. Front Cardiovasc Med. (2019) 6:96. doi: 10.3389/
fcvm.2019.00096

 118. Ahmed AM, Nur SM, Xiaochen Y. Association between obstructive sleep apnea 
and resistant hypertension: systematic review and meta-analysis. Front Med. (2023) 
10:1200952. doi: 10.3389/fmed.2023.1200952

 119. Schweitzer PA, Taranto-Montemurro L, Ojile JM, Thein SG, Drake CL, 
Rosenberg R, et al. The combination of aroxybutynin and atomoxetine in 
the treatment of obstructive sleep apnea (MARIPOSA): a randomized controlled 
trial. Am J Respir Crit Care Med. (2023) 208:1316–27. doi: 10.1164/
rccm.202306-1036OC

 120. Rodrigues MM, Carvalho PHA, Gabrielli MFR, Lopes RN, Garcia Junior OA, 
Pereira Filho VA, et al. How obesity affects nasal function in obstructive sleep apnea: 

anatomic and volumetric parameters. Braz J Otorhinolaryngol. (2022) 88:296–302. doi: 
10.1016/j.bjorl.2020.06.002

 121. Jennum P, Borgesen SE. Intracranial pressure and obstructive sleep apnea. Chest. 
(1989) 95:279–83. doi: 10.1378/chest.95.2.279

 122. Rabbani CC, Saltagi MZ, Nelson RF. The role of obesity, sleep apnea, and elevated 
intracranial pressure in spontaneous cerebrospinal fluid leaks. Curr Opin Otolaryngol 
Head Neck Surg. (2019) 27:349–55. doi: 10.1097/MOO.0000000000000562

 123. Salman LA, Shulman R, Cohen JB. Obstructive sleep apnea, hypertension, and 
cardiovascular risk: epidemiology, pathophysiology, and management. Curr Cardiol Rep. 
(2020) 22:6. doi: 10.1007/s11886-020-1257-y

 124. Zhao L, Gao Y, Xu W, Li K, Liu L, Fan L. Factors influencing new-onset 
hypertension in elderly patients with obstructive sleep apnea: a multicenter cohort study. 
Clin Transl Sci. (2023) 16:2507–18. doi: 10.1111/cts.13631

 125. Kabanovski A, Chan A, Shapiro C, Margolin E. Obstructive sleep apnea in men 
with idiopathic intracranial hypertension: a prospective case-control study. J 
Neuroophthalmol. (2022) 43:531–4. doi: 10.1097/WNO.0000000000001734

 126. Espinosa-Muñoz E, Ruíz-García FJ, Puentes-Zarzuela C. Simultaneous detection 
of lower gastrointestinal bleeding and hepatic hemangioma in a scintigraphy study with 
red blood cells labeled with 99mTc-stannous pyrophosphate. Rev Gastroenterol Mex. 
(2020) 85:90–1. doi: 10.1016/j.rgmx.2019.06.005

 127. Khan S, Schoenen J, Ashina M. Sphenopalatine ganglion neuromodulation in 
migraine: what is the rationale? Cephalalgia. (2014) 34:382–91. doi: 10.1177/0333102413512032

 128. Triantafyllidi H, Arvaniti C, Palaiodimos L, Vlachos S, Schoinas A, Batistaki C, 
et al. Infiltration of the sphenopalatine ganglion decreases blood pressure in newly 
diagnosed and never treated patients with essential hypertension. Int J Cardiol. (2016) 
223:345–51. doi: 10.1016/j.ijcard.2016.08.230

https://doi.org/10.3389/fmed.2024.1380632
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.pneurobio.2023.102512
https://doi.org/10.1016/j.jsmc.2023.05.012
https://doi.org/10.23736/s0026-4806.23.08466-5
https://doi.org/10.1007/s11906-022-01181-w
https://doi.org/10.7759/cureus.38229
https://doi.org/10.3389/fcvm.2019.00096
https://doi.org/10.3389/fcvm.2019.00096
https://doi.org/10.3389/fmed.2023.1200952
https://doi.org/10.1164/rccm.202306-1036OC
https://doi.org/10.1164/rccm.202306-1036OC
https://doi.org/10.1016/j.bjorl.2020.06.002
https://doi.org/10.1378/chest.95.2.279
https://doi.org/10.1097/MOO.0000000000000562
https://doi.org/10.1007/s11886-020-1257-y
https://doi.org/10.1111/cts.13631
https://doi.org/10.1097/WNO.0000000000001734
https://doi.org/10.1016/j.rgmx.2019.06.005
https://doi.org/10.1177/0333102413512032
https://doi.org/10.1016/j.ijcard.2016.08.230

	Nasal turbinate lymphatic obstruction: a proposed new paradigm in the etiology of essential hypertension
	Summary
	1 Introduction
	2 Regulation of cerebral perfusion
	3 Increased intracranial pressure and Cushing’s mechanism
	3.1 Hypertension and increased intracranial pressure
	3.2 Cushing’s mechanism
	3.3 Cerebral blood flow resistance and hypertension

	4 Hypertension: a mechanism for self-protection of the brain
	5 The autonomic nervous system
	5.1 The parasympathetic nervous system vs. the sympathetic nervous system
	5.2 The paradox of increased sympathetic activity and concurrent increased parasympathetic activity

	6 New glucose set points
	7 Nasal turbinate vasodilation and blood pooling
	8 Scintigraphic imaging
	9 Measurement of nose/heart ratios
	10 Nasal blood pooling observations on nuclear medicine scan
	10.1 Increased nasal blood pooling in a normal weight-matched, hypertensive patient vs. a non-hypertensive patient
	10.1.1 Increased nasal blood pooling in weight-matched, obese, hypertensive vs. non-hypertensive patients
	10.2 Increased blood pooling in erectile tissue of the nasal turbinates
	10.3 Increased nasal blood pooling in patients with metabolic syndrome

	11 Controversy over which comes first, essential hypertension or increased brain blood flow resistance
	12 CSF lymphatics and the normal nasal cycle
	13 Clearance of CSF from the brain
	14 Evidence for significant clearance of CSF through nasal lymphatics
	15 The glymphatic/lymphatic system
	15.1 The glymphatic system
	15.2 Importance of lymphatic nasal drainage for brain fluid homeostasis

	16 Increased intracranial pressure consistent with arterial wall thickening
	17 Glymphatic/lymphatic obstruction of CSF leads to increased intracranial pressure and hypertension
	18 Sleep disturbances
	18.1 The importance of sleep for adequate CSF lymphatic drainage
	18.2 Sleep apnea and hypertension

	19 Future confirmatory studies
	20 Potential novel therapeutic approaches targeting the nasal turbinates
	21 Conclusion

	References

