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Abstract
Obesity accumulates fat in the body may cause hypertension and change intracranial pressure waveform
morphology (ICP). However, not clear how and when it occurs. Thus, our objective was to evaluate the ICP
waveform morphology and P2/P1 ratio during the development of obesity. Sixteen 45-day-old male
Wistar rats, after 60 days of adaptation were divided into non-obese (NOB, n = 7) and obese (OB, n = 9).
The OB group received a high-fat diet and the NOB group received a standard diet for 24 weeks. ICP, body
composition, blood pressure (BP), and heart rate(HR) were assessed every 4 weeks. Two-Way ANOVA was
used for the area under the curve with Bonferroni's test, or Student's t-test for BP, and HR. Body mass(BM)
and body fat(BF) and fat-free mass(FFM) were higher in OB rats. There was no difference in BP, but there
was a difference in HR, greater in OB. The ICP decreased by NOB. These results suggest that the increase
in BM and BF caused obesity, and BM can explain the increase in FFM. Although we did not �nd
pathological states of ICP, NOB demonstrated better brain compliance, and the upward trend in the P2
waveform in OB may indicate impairment to the ICP of OB rats.

Introduction
Obesity is a multifactorial disease, resulting from the low energy expenditure associated with a diet high
in lipids and carbohydrates. Its progression has been related to the development of several pathologies,
such as arterial hypertension (AH), dyslipidemia, insulin resistance, type II diabetes mellitus1, and
increased intracranial pressure (ICP) 2–4.

ICP is the pressure exerted inside the cranial box derived from the interaction of three main components:
brain, cerebrospinal �uid (CSF), and cerebral blood volume (CBV). Changes that result in volume
imbalance can cause intracranial hypertension (ICH) 5, 6. This increase may lead to a stroke, spontaneous
intracranial hemorrhage, and even death7. Epidemiological studies have shown that there is a strong
relationship between obesity and ICP, and one of the possible mechanisms for ICP alteration is due to
chronic in�ammation caused by obesity8–10. In the same way, studies have shown that weight loss
improves the ICP of obese patients9, 10. Thus, monitoring of ICP in overweight and obese individuals
becomes essential in clinical practice11.

Part of the di�culty in analyzing ICP in humans lies within the method of analysis. Currently, the most
reliable way to assess ICP is through an invasive high-cost procedure performed exclusively in hospitals.
Therefore, alternative non-invasive methods facilitate ICP assessment without the need for a hospital
environment, increasing the possibility of clinical evaluation12, 13. Monro-Kelli's theory, demonstrated in
1783, says that an increase in some volume inside the skull must result in the decrease of another. As the
cerebral parenchyma usually has a constant volume, which can change due to traumatic brain injury for
example, or another form of swelling, the volumes that change most frequently are blood and CSF, and
blood increase would result in the decrease of CSF14, 15. However, it has been demonstrated that there is
cerebral compliance allowing blood to accumulate without decreasing CSF16; and the skull has small
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movements, allowing for ICP assessment using sensors sensitive to minimal dislocations12. Thus, the
Braincare equipment and non-invasive sensor were used for validation in comparison to the invasive
method, obtaining a strong correlation12, 14.

The ICP waveform morphology can help with the diagnostic changed ICP in clinical analysis. The ICP
waveform morphology has three pressure wave peaks detected, which correspond to P1, P2, and P3, and
the physiological pattern must be P1 > P2 > P3 in normal physiological states. When P1 is reduced, it
shows loss of cerebral perfusion and the increase in P2 shows loss of brain compliance5, 17–19. Four
waveform shapes were previously identi�ed, normal (class I), potentially pathological (class II), likely
pathological (class III), and pathological (class IV), intensifying with the increase of P2 until the formation
of a single peak, therefore being of great importance for the clinical evaluation of the patient2–6.

Thus, we hypothesize that the development of obesity can cause an increase in the P2 / P1 ratio in obese
rats (OB) in relation to non-obese rats (NOB). The aim of this prospective study was to describe, for the
�rst time, the behavior of the ICP waveform morphology non-invasively (ICPn) during the development of
obesity in Wistar rats.

Results
Body Composition

The high-fat diet promoted an increase in body mass and the percentage of body fat. Figure 3A shows
the behavior of body mass over the 24 weeks of treatment, in which the obese rats (OB) that started from
the same condition but obtained a much greater body mass than the non-obese rats (NOB) and obesity
was classi�ed by BM at week 12. Two-way ANOVA demonstrated an interaction between the covariable
time and groups (F = 10.42; p = 0.0029); because non-obese animals also gain weight over time,
meanwhile the diet applied to OB shows a greater increase in body mass over NOB, which can be
observed with a signi�cant increase from week 12 (p < 0.05) to week 24 (p < 0.001) shown in Fig. 3B.

Regarding BF, two-way ANOVA demonstrated no interaction between groups and the covariable time (F = 
3.394; p = 0.0747). However, OB rats showed a large increase (p < 0.001) during the treatment period in
relation to NOB, in which it remained constant. The difference grows even more from week 12 to week 24
observed through the increase of signi�cance, as well as through body mass, and shown in Fig. 4B and
the highest fat accumulation in OB is shown in Fig. 4A.

Still observing the body composition, there was also a signi�cant increase of FFM in OB in relation to
NOB, there being an interaction between groups and the covariable time (F = 5.576; p = 0.0245). The
development of FFM during the period can be seen in Fig. 5A. Although body mass start in the same
initial condition, BF and FFM were different between groups in week 0, as can be seen in Table 1.
However, there was a signi�cant increase between the groups between weeks 12 and 24, demonstrated
by the statistic (p < 0.001) in Fig. 5B.
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Intracranial Pressure
Regarding P2 / P1 ratio of the ICP waveform, there was no interaction between groups and time (F = 
1,299; p = 0.2629). However, NOB rats showed a below P2 / P1 ratio (Fig. 6B), during the treatment period
compared to OB (p = 0.0001) between 12–24 weeks. The baseline value found at the beginning of the
experiment, in the OB group, was maintained until the end of the experiment, meanwhile, as can be seen
in Fig. 6A, the NOB group had a small decrease in week eight, and remaining with the lower values than
baseline values in the sequence, and remaining below the OB group all the time of the experiment, shown
in Table 1. Despite this difference, no statistical changes were found over time. Meanwhile, at week 12,
there was a small increase in the P2 / P1 ratio in the OB group, seen in Fig. 7D. The Fig. 7B and 7D show
the average pulse curve of the �fth minute in the NOB and OB groups, respectively, at week 24. Some
animals of OB group showed a ratio of 0.75 and remained with a �uctuation between 0.7 and 0.75, which
until the end of the experiment. However, this P2 /P1 ratio is presented as class I, normal. As can be seen
in Table 1, by means of the standard deviation, the OB group showed greater data variability than the
NOB group.

Blood Pressure and Heart Rate
Diastolic blood pressure (DBP), systolic blood pressure (SBP), and mean arterial pressure (MAP),
obtained from week 12 on when obesity was established, did not show a statistical difference between
groups as can be seen in Figs. 8A, 8B, and 8C, respectively. However, the HR of OB animals was higher
than NOB in the same period (p < 0.05), as shown in Fig. 8D below.

Discussion
As previously demonstrated, OB rats fed a high-fat diet had a higher BM and BF than NOB22–26 rats;
similar to the obesity phenotype in humans. Considering literature does not present a de�ned BMI for rats,
and most studies present the issue of BF always related to the respective control groups, our body
composition results consolidate our perspective of having a standard of rat body composition. Therefore,
we used the same standard of reference for humans ≥ 20% overweight and ≥ 25% obese for men27,
being an important reference value for future work with rats. At the end of the experiment, an average of
very close to 25% of adult males can be observed, however, our data variability explains a little lower
average, and the BM classi�es them as obese27, 28, and some animals that had presented BF above 25%,
being classi�ed as obese through the BF. Thus, our results are in line with those in the literature, but we
would like to observe these alterations over time in more detail, and a gold standard assessment such as
the one carried out in the present study, brings this depth.

At week 12, we identi�ed BF close to 20% in OB rats classi�ed as overweight, but the BM was similar to
Ambrosi (2011) 27 and Leopoldo (2016) 28 at 15 weeks of obesity induction classi�ed as obese, however,
the diet used in the present study had a higher caloric index. Therefore, we believe that week 12 may be
the ideal point for inducing obesity. It is important to highlight that the present study presented, at week
24, BM of OB rats greater than that stipulated in literature27, 28.
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With regard to FFM, we observed that the greatest increase in the OB group was due to the increase in
muscle weight, as we collected the gastrocnemius, soleus, and EDL muscles, both right and left, and the
sum of their weight was greater in OB at the end of the experiment, as well as the bone mineral content in
the OB group was higher (shown in Figs. 1a and 1b, respectively, in supplementary information). These
data corroborate with the literature carried out with humans29 and rats30 since obese people have greater
muscle and bone overload. It is worth mentioning that, at the end of the experiment, these animals were
middle-aged, and possibly with no signs of sarcopenic obesity appearing, which can affect both the loss
of muscle and bone mass31.

Regarding ICP (P2 / P1) ratio of ICP waveform morphology, the difference found between the OB and
NOB groups due to the decrease in NOB group is different from Uldall et al. (2017)32 who demonstrated
an increase in aquaporin 1 (AQP1), causing an increase in CSF and consequently an increase in ICP.
Meanwhile, in their study, they observed values of 7.70 ± 0.42mmHg for OB and 5.86 ± 0.15mmHg in NOB,
which despite showing this difference, the values are normal when compared to humans5, similar in the
present study that demonstrated ICP shape class I.

Despite the difference between OB and NOB in this study, no animal had a P2 / P1 > 1 ratio being
considered potentially pathological or other class, through reference classi�cation, therefore classi�ed
normal20. We cannot state the gross ICP value (mmHg) of these animals due to the methodological
limitation. There are several causes for the development of intracranial hypertension (ICH)9, it being an
idiopathic disease. However, studies have shown that overweight and obesity can lead to ICH8–10, 33, even
as the present study demonstrates that obesity can change the ICP waveform morphology (not con�rmed
by the present study) and that it can be an indicator of the change in ICP values, increasing the
possibilities of diseases related both to obesity and to those resulting from increased ICP, as like stroke,
blindness, among others.

In addition, when there is an increase in volume inside the cranial box and a decrease in brain elastance
and compliance, ICP should increase6, 16, and a small increase in volume to lead to a large increase in ICP.
Thus, we infer the lower the P2 / P1 ratio in the NOB group, can be for the better the brain elastance and
compliance than OB group, despite animals being sedated during ICP analyses. In the literature, magnetic
resonance images demonstrate increased CSF in subdural spaces16 showing brain compliance, with P1
being related to the arterial in�ux, increasing CBV. However, the subsequent increase in ICP is linked to the
CSF out�ow, increasing arterial and venous �ow interacting, changing the component cranial volume
participation. Therefore, good compliance enables accumulation of another cranial volume without
higher out�ow of CSF, making it di�cult to analyze and understand the hemodynamic of this system6

and hampering volume self-regulation. Meanwhile, cerebral compliance was not measured in the present
study as well as the mean ICP value in mmHg, and also the value peaks that comprise it (P1; P2; P3).
Unfortunately, the system used in this study, as well as other non-invasive ones, does not allow us to
know these values and we also did not evaluate the hemodynamic and/or elastance and compliance
brain.
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Concerning BP, there was no statistical difference between OB and NOB, similar as Shiou et al34 (2018)
found, and the absolute BP values (mmHg) of the present study were similar to those found by Shiou et
al34 (2018). However, their analysis was invasive, with animals sedated by pentobarbital, and in the
present study, BP was performed on the same animals for 24 weeks, which could not be done invasively.
Meanwhile, the volume pressure-recording (VPR) sensor used in the present study, has a moderate to high
correlation with telemetry and direct blood pressure measurement35. Furthermore, the great variability of
our data can also explain this lack of difference in BP. Uldal et al32 (2017) also demonstrated that there is
no difference in BP between OB and NOB rats, and indicating that the increase in ICP is not related to the
increase in BP and HR, as PA and HR did not change in their studies. However, in the present study, both
groups were hypertensive and a difference was found between the HR groups. We found a signi�cant
difference in HR between OB and NOB rats, being greater in OB, different from Shiou et al34 (2018) and
Uldal et al32 (2017). These data corroborate those of Spereta et al36 (2018) that demonstrated to increase
in HR with obese rats, with similar values to the present study. We believe that this difference may be
related to increased cardiac work and respiratory rate (not assessed in this study) due to excessive
weight. Therefore, may have a link between HR and ICP, despite being sedated during ICP assessment,
and this relationship needs to be further studied.

Conclusion
We concluded that 12 weeks are necessary to start the development of obesity in rats, and from then on
the differences in body composition become more evident, being con�rmed in 24 weeks of treatment for
BF values, through values similar to those presented in human beings. Moreover, we used the same
reference values for humans and literature (for rats) in the present study. The fact that we evaluated this
variable with DXA allowed us to monitor the fattening process in body fat percentage, in the same
animal.

We have not con�rmed our hypothesis about the in�uence of obesity on the ICP waveform morphology
and an increase in the P2 / P1 ratio in OB group. Therefore, the difference developed over time might as
well be due to increased compliance, and a decrease P2 / P1 ratio in NOB group. Meanwhile, the ICP
waveform morphology in OB tends to be directed towards the potentially pathological state found in
literature as a reference, because there were �uctuations over time, with P2 a small higher in OB, but
normal class classi�ed yet. Body composition can be an important risk factor for ICP changes and not
time. BP does not differ between groups and time in this study, or does it in�uence ICP. Likewise, our
results suggest that obesity causes an increase in HR compared to the control group.

The major limitation of our study is the absolute value of ICP not being performed by the device used,
once it is also important to know the values of each peak. Another limitation was no cluster analysis was
performed, which could demonstrate subgroups, due to different morphological characteristics of the
groups, being important for reference standards for rat body composition. The sample size of the present
study is considered small for this cluster analysis, being another limitation of the present study. In
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summary, this work is the �rst that attempts to elucidate the behavior of ICP waveform morphology non-
invasively about the development of obesity, with a new proposal for the analysis of ICP, and also trying
to help in elucidating the relationship between obesity, BP, and HR with ICP. Studies are needed to
understand which variables from obesity have more in�uence over ICP and if HR can change ICP
waveform morphology.

Methods
Animals

Initially, eighteen male Wistar rats 45-day-old healthy started 60 days of adaptation and were used to
induce obesity after 105 days. However, two animals were ill at the start of treatment and were withdrawn
from the study. The animals were kept in controlled environmental conditions with constant temperature
(24° ± 1° C), lighting (6h light cycle / 18h dark), and relative humidity (55 ± 5%). The animals had access
to water and were fed through ad libitum. All procedures were approved by the Federal University to São
Carlos (UFSCar) Animal Experimentation Ethics Committee (AEEC), CAEE − 3161311018)) and performed
according to the regulations described in the Committee's Guiding Principles Manual. The entire
experiment was carried out according to the ARRIVE 2.0 Guidelines.
Experimental Design

As previously described by Oishi et al. (2018)26 obesity was induced by the continuous supply of a high-
fat diet (18.12g of protein, 20g of fat, 32.9g of carbohydrates, and 2.97g of �bers with 4.665 cal / g /
100g) for 24 weeks. In contrast, the non-obese animals were fed a standard diet (22.81g of protein, 4.80g
of fat, 39.0g of carbohydrates, and 5.82 of �bers with 3.854 cal / g / 100g) during the same 24-week
period. In this manner, the animals were randomized into the following groups Obese (OB = 9) and Non-
Obese (NOB = 7), as shown in Fig. 1. The animals could not have any pathology, especially those that
interfered with their eating behavior, cardiovascular system, or with great autonomic stress that would be
removed from the study.

The characterization of the initial and �nal sample, as well as the differences between groups during the
experiment, can be seen in Table 1 below.
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Table 1
Characterization of the samples, during the initial (W0) and �nal (W24) periods. OB = 
Obese, and NOB = Non Obese. Intracranial pressure ratio (ICP); Body mass (BM); Body

fat (BF); Fat-free mass (FFM); Systolic blood pressure (SBP); Blood pressure (BP);
diastolic blood pressure (DBP); mean arterial pressure (MAP); heart rate (HR). Paired t-

Student test for initial and �nal intra-group, and not paired in the same period,
between groups. *p < 0.0001, different from the initial intra-group period. #p < 0.0001,
differ rent from the �nal NOB group; $p < 0.05 different from initial NOB group. 1Blood

pressure and heart rate have their initial in week 12.

  NOB OB

  Initial W24 Initial W24

  Mean ± sd Mean ± sd Mean ± sd Mean ± sd

ICP (AU) 0.65 ± 0.10 0.57 ± 0.07 0.66 ± 0.12 0.65 ± 0.09#

BM (g) 440.9 ± 9.4 556.6 ± 23.1* 442.9 ± 11.0 689.0 ± 73.8*#

BF (%fat) 13.21 ± 2.45 13.99 ± 2.15 10.29 ± 2.21$ 24.79 ± 4.45 *#

FFM (g) 382.6 ± 14.1 480.1 ± 24.6 * 396.9 ± 13.4$ 519.1 ± 34.9*#

1SBP (mmHg) 152 ± 13 139 ± 11 159 ± 14 141 ± 2

1DBP (mmHg) 117 ± 11 103 ± 7 120 ± 13 105 ± 5

1MAP (mmHg) 128 ± 25 114 ± 8 133 ± 14 120 ± 8

1HR (bpm) 315 ± 26 302 ± 14 353 ± 22 333 ± 24#

 

Data Analysis

ICPn and dual-energy X-ray absorptiometry (DXA) were performed every 4 weeks on the same animal until
the end of the experiment. However, tail plethysmography started at week 12, after obesity classi�ed for
BM, subsequently following the same interval of 4 weeks. In this study, we used non-invasive measures to
monitor and develop obesity and its comorbidities in the same animal, using DXA, which is considered
the gold standard of assessment for body composition.

ICP analysis was performed using the Braincare 3.0 device (Braincare Corp). The equipment consists of
capturing deformations and changes in the skull. The non-invasive sensor is attached to a bar in a
stereotaxic and is associated with a tensiometer that captures the deformations of the skull and
positions it over the parietal bone. At each evaluation, the animals were anesthetized with ketamine (80
mg/kg) and xylazine (32 mg/kg) to avoid movement.
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This evaluation model was previously evaluated and validated by Cabella et al. (2016)12 with a strong
relation to the invasive method, demonstrating the waveform morphology of the ICP. The protocol
experimental for assessment of waveform morphology of ICP can be seen in Fig. 2 below. Ten minutes of
recordings were performed for each animal. The signals were recorded and later analyzed in the
Braincare Analytics system, with the passage of �lters for noise, breathing, and electrical signals. With
passive analogical �lter for anti-aliasing, and �ltering network frequencies of 50/60Hz, to avoid
interference from the power grid. During the analysis, the ICP data is subjected to a mathematical
treatment comprising a 5 Hz low-pass �lter. The capture of waveform morphology of ICP is carried out
pulse by pulse, delivering a graph and averages for each minute of collection, shown in Fig. 7. However,
for the software to average each minute, a minimum of 60 pulses are required for a minute. Therefore, the
minutes with insu�cient pulses or the minutes that the animal moved causing several artefacts were
excluded. Next, the peak amplitude ratio (P2/P1) of each minute was established, and the average of this
ratio was then calculated for the total analysis time of each animal. Thus, the representation of the peaks
is as follows: P1 represents ventricular systole and P2 represents brain compliance6, 20.

Body composition was determined by DXA analysis (Discovery A; Hologic Inc. - Beldford, MA, USA). The
procedure consisted of evaluating the sedated animals, in the morning, and before the analysis of the ICP.
The data obtained were subsequently analysed through the report, and we used the values of fat-free
mass (FFM (g)), body mass (BM (g)), fat percentage (%fat), and bone mineral content (BMC (g)) for
analysis.

Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean blood pressure (MAP) and heart rate
(HR) were measured using a tail plethysmograph for rats and mice (Insight, V3.0) with a volume pressure-
recording (VPR) sensor. A tube of measures similar to the restrictor was placed in the cages for
adaptation of the animals 3 to 5 days before the evaluation. Data were collected with conscious animals,
at rest and kept under movement restrictions, as previously described37. A total of 3 to 5 measurements
were performed, with the average value being calculated.
Statistical Analysis

Statistical analysis was performed using the GraphPad Prism v.5 software. The Kolmogorov-Smirnov test
was used to verify the homogeneity of the sample, using mean ± standard deviation. The area under the
curve was calculated and intergroup analysis of variance (Two-Way ANOVA) was performed with
Bonferroni post-hoc (signi�cance level adopted, p < 0.05), for analyses performed during the 24 weeks.
For DBP, SBP, MAP and HR an independent t-Student test was performed with a signi�cance level of p < 
0.05 after calculating the area between weeks 12 and 24. Descriptive and frequency test was used to
demonstrate the frequency of evaluated patterns, following physiological patterns predetermined by
literature.

Declarations
Statistical Analysis
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Statistical analysis was performed using the GraphPad Prism v.5 software. The Kolmogorov-Smirnov test
was used to verify the homogeneity of the sample, using mean ± standard deviation. The area under the
curve was calculated and intergroup analysis of variance (Two-Way ANOVA) was performed with
Bonferroni post-hoc (signi�cance level adopted, p <0.05), for analyses performed during the 24 weeks.
For DBP, SBP, MAP and HR an independent t-Student test was performed with a signi�cance level of p
<0.05 after calculating the area between weeks 12 and 24. Descriptive and frequency test was used to
demonstrate the frequency of evaluated patterns, following physiological patterns predetermined by
literature.
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Figure 1

Experimental design. Arrival, adaptation to the environment and induction of obesity after adulthood.
Assessments every 4 weeks, however, with tail plethysmography for blood pressure (BP) starting at week
12.

Figure 2

Experimental protocol. 2A: sedated animal attached to the stereotaxic, with a sensor over the parietal
lobe. 2B: pulse-to-pulse data recording. ICP waveform morphology sign (yellow).

Figure 3

NOB = Non Obese rats (blue); OB = Obese rats (red). 3A Body mass development over 24 weeks (group
averages). 3B Area under the curve between periods 0 - 12 weeks and between 12 - 24 weeks with two-
way ANOVA with Bonferroni post-hoc. *Different between weeks of the same period (p<0.05, period at 0 -
12 weeks and p<0.001 at 12 - 24 weeks) #different between groups (p <0.001).
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Figure 4

NOB = Non Obese rats (blue); OB = Obese rats (red). 4A Development of fat percentage over 24 weeks
(group averages). 4B Area under the curve between periods 0 - 12 weeks and between 12 - 24 weeks. Two-
way ANOVA with Bonferroni's post-hoc. *Different between weeks of same period (p <0.05, period at 0 - 12
weeks and p <0.001 at 12 - 24 weeks) #different between groups (p <0.001).

Figure 5

NOB = Non Obese rats (blue); OB = Obese rats (red). 5A FFM development over 24 weeks. 5B Area under
the curve between 0 - 12 weeks and between 12 - 24 weeks. Two-way ANOVA with Bonferroni's post-hoc.
*Different between weeks of same periods (p <0.001, period at 12 - 24 weeks) #different between groups
(p <0.001).
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Figure 6

NOB = Non Obese rats (blue); OB = Obese rats (red). 6A Development of ICP ratio over 24 weeks. 6B Sum
of areas between periods 0 - 12 weeks and between 12 - 24 weeks. Two-way ANOVA with Bonferroni's
post-hoc. #Different between groups (p <0.001).

Figure 7

ICP waveform morphology analysed by system at 24 week. A, B) Continuous sampling of the ICP
waveform morphology of non-obese rats (NOB) of the �fth minute. C; D) Continuous sampling of the ICP
waveform morphology of obese rats (OB) of the �fth minute. A; C) Signals collected pulse by pulse for 1
minute; B; D) Average pulse per minute showing the collected values, such as P1 amplitude, P1 time (t1),
as well as sample size, pulse length, heart rate, and time to peak (TTP).
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Figure 8

NOB = Non Obese rats (blue); OB = Obese rats (red). Area under the curve between weeks 12 and 24. 8A
Diastolic Blood Pressure (DBP), 8B Systolic Blood Pressure (SBP), 8C Mean Arterial Pressure (MAP), 8D
Heart Rate (HR). *Difference between groups (p<0,05).
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