The influence of hemodialysis on intracranial pressure
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ABSTRACT
BACKGROUND: Among the complications related to chronic kidney disease (CKD), those of a neurolog-
ical nature stand out, and for a better quality of life for patients, the diagnosis and treatment of these
complications is fundamental.
OBJECTIVES: This study aimed to assess the effect of hemodialysis on intracranial pressure waveform (ICPw)
in patients with chronic kidney disease undergoing hemodialysis and those who are not yet undergoing
substitutive therapy.
DESIGN AND SETTING: An observational study was conducted in two stages at a kidney replacement
therapy center in Brazil. The first was a longitudinal study and the second was a cross-sectional study.
METHODS: Forty-two patients on hemodialysis were included in the first stage of the study. In the sec-
ond stage, 226 participants were included. Of these, 186 were individuals with chronic kidney disease
(who were not undergoing substitutive therapy), and 40 did not have the disease (control group).
The participants'intracranial compliance was assessed using the non-invasive Braindcare method, and the
results were compared between the groups.
RESULTS: There was a significant difference between the hemodialysis and non-hemodialysis groups, with
the former having better ICPw conditions.
CONCLUSIONS: Hemodialysis influenced the improvement in ICPw, probably due to the decrease in the
patients’ extra-and intracellular volumes. Furthermore, ICPw monitoring can be a new parameter to con-
sider when defining the moment to start substitutive therapy.

INTRODUCTION

Chronic kidney disease (CKD) has become one of the main causes of death and suffering in the
21 century, affecting approximately 10% of the worldwide population, accounting for approxi-
mately 843.6 million ill individuals, with a higher prevalence among older adults, women, racial
minorities, and those with diabetes mellitus and hypertension.!

Kidney disease has become a public health concern due to its increasing prevalence and high
treatment costs for the public. In clinical terms, kidney disease is characterized the loss of kid-
ney function occurs over time. Diagnosis is based on the mean glomerular filtration rate (GFR)
(GFR < 60 mL/min/1.73 m? for > 3 months), and the presence of kidney damage is determined
through biopsy or other markers of kidney damage.? The classification of the progression of this
disease is based mainly on the GFR, and five stages have been established, as shown in Figure 1.
The prevalence of the initial stages of chronic kidney disease is significantly higher than that of
end-stage kidney disease (ESKD).’ The consequences of the illness, besides the loss of kidney
function, include cardiovascular disease and premature death,’ in which the risk of death due to a
cardiovascular event is higher than that of requiring hemodialysis or a transplant. Approximately
4 million people worldwide depend on kidney replacement therapy, of which 89% undergo hemo-
dialysis.? The complications related to hemodialysis are common. Some are even expected due
to the hemodialysis process itself, in which the patient bears hours of extracorporeal blood flow,
forced ultrafiltration, and exposure to large quantities of dialysate. Unexpected complications
include infectious diseases, mineral metabolism disorders, and neurological complications, such

as hemodialysis imbalance syndrome.*
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Neurological complications may be responsible for the incapac-
ity and mortality of patients with CKD and may affect both dialytic
and pre-dialysis patients. Additionally, they may affect both the
central and peripheral nervous systems and are frequently neglected
and rarely acknowledged. Laboratory tests, imaging studies, and
neurophysiological tests are some of the tools available for diag-
nosis. Treatment involves a multifactorial approach, and prognosis
depends on the availability of treatment and its precocious start.®

A non-invasive intracranial pressure waveform (ICPw) mon-
itoring tool was developed by the Brazilian company Brain4care
Inc. (Sao Carlos, Sao Paulo, Brazil). This novel approach to study-
ing neurological disturbances has already been applied in hemo-
dialysis patients. The technology is based on capturing small vari-
ations in the skull caused by ICP alterations through a voltage
sensor in contact with the lateral region of the sagittal suture,
providing real-time ICPw data. This ICPw is composed of three
peaks (Figure 2a), and from the morphology of this wave, it is
possible to infer intracranial compliance (Figures 2b - normal
and 2c¢ - altered).®

A first cross-sectional study using this technology in patients
with ESKD undergoing hemodialysis indicated that these patients
frequently experience alterations in intracranial compliance and that
high-quality hemodialysis (according to Kt/V) might be effective
in normalizing intracranial compliance.” Kt/V is a formula used
to measure dialysis adequacy, in which K is urea clearance by the
dialyzer, t is the time of treatment, and V is the volume of urea
distribution in the patient. The recommended Kt/V is maintained
above 1.2 during hemodialysis.® A subsequent follow-up study eval-
uated the intracranial compliance (by means of the ratio between
the peaks P2/P1) pre-dialysis and post-dialysis, demonstrating that
the P2/P1 ratio was less than that observed before the dialysis was
done, reinforcing the previous finding that hemodialysis generates

a positive effect on intracranial compliance.’

Figure 1. Stages of chronic kidney disease based on the glomerular
filtration rate.

Based on these results, the need to investigate alterations in
intracranial compliance in the initial stages of CKD as well as in
those patients in stage 5 who do not undergo dialysis is required.
Patients with CKD enter stage 5 when their GFR is < 15 mL/
min/1.73 m? but dialysis is usually indicated when the GFR is
<10 mL/min/1.73 m."

OBJECTIVE

The aim of this study was to analyze intracranial compliance in
different CKD stages (stages 1, 2, 3, 4, and 5 non-dialytic) com-
pared with the results obtained in patients undergoing dialysis’

and a control group.

METHODS

This study was conducted in two stages at a substitutive kidney
therapy center (KTC) of a hospital in southern Brazil. Both pro-
tocols were approved by the Research Ethics Committee of
Universidade Estadual de Ponta Grossa (protocols: 1.834.627,
approved on 2016, Nov. 24; 4.039.453, approved on 2020, May
20) and the study followed the STROBE."

Participants

The participants were patients with chronic kidney dis-
ease from the southern region of the state of Parana, most of
whom have diabetes and high blood pressure and were being
treated by the Unified Health System (in Portuguese, Sistema

Unico de Saude - SUS). The first stage was an observational,

Figure 2. (a) Morphology of an intracranial pressure wave
composed of three peaks; (b) Morphology of a normal
intracranial pressure wave; (c) Morphology of an intracranial
pressure wave with alteration.



longitudinal, prospective study of 42 patients with termi-
nal kidney disease who underwent hemodialysis periodi-
cally, three times a week, for six months.” The study started
in January 2017 and ended in August 2018. The second stage
was an observational, cross-sectional study that included 226
participants. Of those, 186 were patients with CKD in stages
1-5 but who still did not undergo any kind of substitutive kid-
ney therapy, and 40 did not present with CKD and were clas-
sified as the control group. The choice of control group par-
ticipants was randomized, including individuals of similar age
groups as those in the CKD group. The second stage began in
October 2019 and ended in October 2021. During both stages,
the sampling was convenient because this was an unprece-
dented study according to the number of patients admitted
at the KTC.

Every participant received information about the study and
willingly participated after signing the two-part form of the Consent
Term (Termo de Consentimento Livre e Esclarecido). As inclu-
sion criteria, it was established that participants should be > 18
years and considered legally capable. The clinical characteristics
of patients were obtained using questionnaires and consultations
with online medical records from the KTC. The study was con-
ducted in accordance with the Code of Ethics of the World Medical

Association (Declaration of Helsinki).

Monitoring of intracranial compliance

Intracranial compliance was monitored using non-invasive
equipment provided by the company Brain4care. Two exam-
iners participated in the research, one for each stage, and
they underwent previous training provided by the company.
This method is innovative, validated,'? safe, and detects micro-
metric deformation of the cranial bones through a mechan-
ical extensometer attached to a sensor. This sensor is fixed
to a band and coupled to the lateral position of the patient’s
head, approximately 2 cm above the ear. The detected defor-
mations were transformed into electrical signals and displayed
on a monitor. The amplification stage then occurs in which
the equipment filters, amplifies, digitizes, and records the sig-
nals. The monitor displays are saved and sent to the Brain4care
Analytics software, which provides us with a report of each
display in which the wave morphology of the ICP and the
amplitude of its peaks can be observed."” The equipment used
was properly calibrated by Brain4care.

At the moment of monitoring, the individuals stood still, sat
down, and were monitored for approximately 3-5 min. The patients
in the first stage, who underwent hemodialysis, were monitored
pre- and post-dialysis in every session during the 6-month period
in which they were assessed. Patients in the second stage under-

went one monitoring session.

Statistical analysis

Two comparison models were created for the P2/P1 ratio. The first
included three groups: 1) individuals without CKD; 2) individu-
als with CKD who did not undergo substitutive treatment; and 3)
individuals who underwent hemodialysis. The second model dif-
fers from the first because it includes three levels of CKD severity
among patients with the disease who did not undergo hemodial-
ysis. The levels of severity were: mild, which includes individuals
at stages 1 and 2; moderate, which includes individuals at stages
3a and 3b; and severe, which includes individuals at stages 4 and
5. In this way, Model 2 included five groups: 1) individuals with-
out CKD; 2) individuals with CKD in the mild form; 3) individu-
als with CKD the moderate form; 4) individuals with CKD in the
severe form; and 5) individuals undergoing hemodialysis.

The average P2/P1 ratio of each patient undergoing hemodial-
ysis was calculated pre- and post-dialysis monitoring. Pre-dialysis
values were selected for a more reliable analysis, as post-dialysis
values could be affected by all dialysis procedures.

Analysis of the quantitative value of the ICPw P2/P1 ratio in
both models utilized an analysis of variance (ANOVA) with Tukey’s
post-hoc test. We conducted the Shapiro-Wilk test to verify the
normality of the data (P > 0.05).

To assess the discriminative power of ICPw in CKD patients
undergoing enhanced hemodialysis compared with those who
still required it, we generated a receiver operating characteristic
(ROC) curve using the P2/P1 ratio as a factor. The ROC curve
plots the sensitivity (true positive rate) against 1-specificity (false
positive rate) for different cut-off values of the P2/P1 ratio, dis-
playing the relationship between sensitivity and specificity across
arange of cut-off values. We calculated the area under the curve
(AUC) to evaluate the overall diagnostic accuracy of non-invasive
intracranial pressure measurements. The optimal cut-off value
was determined by maximizing the Youden index, which com-
bines sensitivity and specificity to measure the overall diagnostic
accuracy. By comparing the ROC curves of patients with CKD
not undergoing hemodialysis with those of patients with CKD
undergoing hemodialysis, we assessed the discriminative power
of non-invasive intracranial pressure measurements between
the two groups. Statistical significance was set at a significance
level of 5% (P < 0.05). All calculations were performed using
GraphPad Prism version 9.00 Windows (GraphPad Software, La
Jolla, California, USA).

RESULTS

Clinical parameters
The clinical parameters of the patients included in this study are
shown in Table 1. The largest group we studied was patients with

CKD undergoing hemodialysis (n = 42), and the smallest group



was patients with stage 5 CKD not undergoing dialysis (n = 19).

The age of the volunteers varied between 18 and 90 years.

Comparative analysis of the P2/P1 ratio results

between the groups

There was a significant difference between the analyzed groups
(Figure 3); the patients undergoing dialysis mostly presented a
P2/P1 ratio close to 1 (ratio P2/P1 < 1 = normality). The group
of patients not undergoing dialysis had the highest P2/P1 ratio.

An alteration in intracranial compliance was also observed in

The graph ahead (Figure 4) brings a wider analysis of the
results presented in the previous graph (Figure 3). The patients
in the group “without hemodialysis” were classified into three cat-
egories: mild CKD, moderate CKD, and severe CKD, for a thor-
ough analysis of what happens during intracranial pressure in the
different stages of kidney disease.

The mild, moderate, and severe CKD groups had similar P2/P1
ratios. However, there was a significant difference between the CKD
groups without hemodialysis and patients undergoing hemodial-

ysis. The healthy patients had similar results to the patients in the

» <«

the control group (healthy); the average P2/P1 ratio in these  groups “mild,” “moderate,” and “severe,” undergoing hemodialysis.

patients was > 1. An ROC curve was generated for the P2/P1 ratio to assess its
diagnostic performance in patients with CKD in both the hemodi-
alysis and non-hemodialysis groups. The P2/P1 ratio demonstrated

Table 1. Mean age and percentage of individuals of each sex within o ]
discriminative power, with an AUC value of 0.728 (P < 0.0001).

each group (control group, stages 1-5 of chronic kidney disease who
do not undergo hemodialysis, and stage 5 who undergo hemodialysis)

Sex, n (%)

Hence, the P2/P1 ratio serves as a good marker for distinguish-

. ing between hemodialysis and non-hemodialysis patients with
Age, in years,

Clinical parameter n R - e CKD (Figure 5).
Control group 40 45.0 (23-90) 45% 55%
DISCUSSION

CKDStage 1 2 =ellees) 33% 63% In this study, we demonstrated that the group of individuals
CKD Stage 2 3 49.4 (26-73) 39% 61% undergoing hemodialysis presented better intracranial com-
S i e e SaZE 0t e 47% pliance than the group of individuals with CKD who did not
CKD Stage 3b 39 63.1(36-81) 39% 61% undergo substitutive kidney therapy. One of the most affected
CKD Stage 4 35 64.54 (35-90) 43% 57% organs by CKD is the brain, and varied neurological damages
CKD Stage 5 non-dialysis 19 60.6 (41-79) 47% 53% are commonly observed in kidney patients, such as cognitive
CKD Stage 5 dialysis 42 55.8(21-87) 55% 45%

CKD = chronic kidney disease.

Legend: Box plot showing the average and interquartile interval
of non-invasive intracranial pressure values obtained from
healthy volunteers and patients at different stages of chronic
kidney disease. (A) ratio P2/P1, significant difference (P = 0.0018).
Comparison between the groups: Different letters represent
significant differences (P < 0.05). The circles represent volunteers.
Analysis of variance (ANOVA) with Tukey's post hoc test

Box plot with the average and interquartile break of non-invasive intracranial
pressure values obtained from healthy volunteers and patients with different
stages of chronic kidney disease without and with hemodialysis. (A) ratio P2/
P1, significant difference (P = 0.0002). Different letters represent significant
differences (P < 0.05). The circles represent volunteers. Analysis of variance
(ANOVA) with Tukey's post hoc test

Figure 4. Comparison of the ICP P2/P1 ratio values of
control participants, patients with chronic renal disease in
mild, moderate, and severe stages who do not undergo
hemodialysis, and patients who undergo hemodialysis.

Figure 3. Comparison of the intracranial pressure P2/P1 ratio values
of control participants, patients with chronic renal failure who do not
undergo hemodialysis, and patients who undergo hemodialysis.



Legend: The ROC curve of the P2/P1 ratio was used to assess the
distinguishing power between patients with CKD undergoing
hemodialysis and not undergoing hemodialysis. The area under the
curve (AUC): 0.728, sensitivity: 98%, specificity: 62%, cut-off: 1.245
(red dot), P < 0.0001.

Figure 5. Receiver operating characteristic (ROC) curve

of non-invasive intracranial pressure (P2/P1 ratio) in
hemodialysis and non-hemodialysis patients with chronic
kidney disease.

deterioration, encephalopathy, convulsions, and strokes." One of
the pathological mechanisms is brain edema, which can be due
to the accumulation of uremic toxins'® and increase in extracel-
lular fluid, progressing as the GFR decreases, causing ICP ele-
vation.' Patients who undergo hemodialysis are in the terminal
stage of the disease and present a very low GFR. In addition, the
ICP in these patients was better, probably because of the decrease
in fluid volume due to hemodialysis. This aligns with our results
of the ICPw comparison pre- and post-dialysis, indicating
improvement after the procedure.’ Therefore, hemodialysis plays
an important role in the improvement of ICPw. The mild, mod-
erate, and severe CKD groups exhibited similar P2/P1 ratios.
The hypothesis for this result is the administration of adequate
treatment for these patients and the differences in the protocols
for each stage. As CKD progresses, the disease management pro-
tocol becomes more complex and rigid, requiring better control
of laboratory parameters and administration of medications.'
An additional interesting finding of this study was the distinc-
tion between the groups of patients with CKD who underwent
hemodialysis and those who did not. Using the ROC curve, we
determined a cut-off point of 1.245 for the P2/P1 parameter, with
an AUC value of 0.728 and a sensitivity of 98%. AUC is a widely
used performance measure for assessing the accuracy of a binary
classification model. AUC values close to 1.0 indicate excellent per-
formance in correctly classifying true categories; values between
0.7 and 0.9 are considered indicative of moderate to good per-
formance; and AUC values between 0.5 and 0.7 are deemed poor

to moderate performance.”” Hence, our findings suggest that the

P2/P1 ratio serves as a reliable marker for distinguishing between
the two groups.

Neurological manifestations may appear in any CKD stage,
with higher chances in the late stages.' In the early stages, the main
symptoms reported are: difficulty focusing, lack of attention, emo-
tional unbalance, depression, and recent memory impairment.'*
In the more advanced stages, the accumulation of organic waste
and toxins causes loss of consciousness, convulsions, and coma.'®
Although the neurological symptoms become more evident in
the terminal stage of the disease, their identification and adequate
management in the early stages delay the progression and effects
of these complications." Usually, initiating dialysis in patients with
chronic kidney disease is determined based on the presentation
of typical symptoms of kidney insufficiency, which often occur
with a GFR 5-10 mL/min/1.73 m? and include mental confusion
and loss of consciousness.” In this context, the monitoring of the
ICPw might aid in investigating neurological disturbances at every
stage of CKD. In summary, the ICPw follow-up in the last CKD
stage might be one of the determining factors in initiating sub-
stitutive renal therapy. Hemodialysis has demonstrated efficient
ICPw improvement in these patients, reducing the symptoms and
improving the quality of life.

In the control group, a large number of individuals presented
with alterations in ICPw. This may be attributed to the presence
of diseases such as arterial hypertension, diabetes, and obesity
observed in some of these patients, which may interfere with brain
self-regulation. Brain self-regulation corresponds to the capacity
of the brain to maintain adequate blood flow through variations
in arterial pressure,”! and its limits are an average arterial pressure
between 60 and 160 mmHg for healthy adults.”> Furthermore,
thickening of the internal basal membrane of the brain microvas-
culature and an increase in the P2 peak in mice with diabetes was
observed. The hypothesis is that the damage to the brain microvas-
culature in diabetes mellitus compromises intracranial compliance.”
In addition, diabetic ketoacidosis, a complication of diabetes, may
lead to brain edema, which may cause intracranial hypertension.*
Moreover, many authors associate obesity with the development
of idiopathic intracranial hypertension.??* Idiopathic intracranial
hypertension is characterized by increased intracranial pressure of
uncertain etiology, primarily affecting obese women of reproduc-
tive age.”” Although its pathophysiological mechanism is unknown,
the risk of developing idiopathic intracranial hypertension inten-
sifies according to the body mass index.”? Notwithstanding,
overweight and obesity are factors that increase the probability of
cerebrovascular diseases, which may lead to intracranial hyper-
tension.” Other possibilities for the ICPw alteration in patients of
the control group could include undiagnosed medical conditions
that may affect intracranial compliance and arterial hypertension,

which may exceed the brain’s self-regulation limit. Although these
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data are noteworthy, they are not the focus of this study, and more
studies are being conducted with the objective of clarifying the
behavior of the ICPw and related variables.

This research has some limitations, such as convenience sam-
pling of only one KTC, which may generate biased selection.
Furthermore, in the second stage, only one monitoring of each
patient was performed, providing accurate data without the possi-
bility of following up. Additionally, both stages were not performed
concurrently, with the possibility of protocol changes between the
years of the study.

Despite its limitations, this study demonstrates the relevance of
monitoring ICPw in patients with CKD from the early stages until
the terminal stage. The incorporation of the non-invasive monitor-
ing method of the ICPw in the follow-up of patients with chronic
renal diseases aids in their treatment, resulting in an improved
quality of life and preventing complications such as strokes, which
are common in these individuals. In patients in the terminal stage,
ICPw monitoring may be an auxiliary tool in the decision to initi-

ate hemodialysis, as it influences ICPw improvement.

CONCLUSION

In conclusion, hemodialysis influences ICPw control in patients
with CKD at the terminal stage. In addition, we suggest non-
invasive monitoring using ICPw as a new parameter in deciding
the moment at which the patient with CKD must initiate substi-
tutive kidney therapy, with the objective of minimizing the risks

to the brain and improving the patient’s quality of life.
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