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Circadian Biorhythmicity in Normal Pressure Hydrocephalus
- A Case Series Report

Leszek Herbowski

Department of Neurosurgery and Neurotraumatology, Independent Public Regional Hospital, Szczecin, Poland

Continuous monitoring of intracranial pressure is a well established medical procedure. Still, little is known about long-term
behavior of intracranial pressure in normal pressure hydrocephalus. The present study is designed to evaluate periodicity
of intracranial pressure over long-time scales using intraventricular pressure monitoring in patients with normal pressure
hydrocephalus. In addition, the circadian and diurnal patterns of blood pressure and body temperature in those patients are
studied. Four patients, selected with “probable” normal pressure hydrocephalus, were monitored for several dozen hours.
Intracranial pressure, blood pressure, and body temperature were recorded hourly. Autocorrelation functions were calculated and
cross-correlation analysis were carried out to study all the time-series data. Autocorrelation results show that intracranial pressure,
blood pressure, and body temperature values follow bimodal (positive and negative) curves over a day. The cross-correlation
functions demonstrate causal relationships between intracranial pressure, blood pressure, and body temperature. The results show
that long-term fluctuations in intracranial pressure exhibit cyclical patterns with periods of about 24 hours. Continuous intracranial
pressure recording in “probable” normal pressure hydrocephalus patients reveals circadian fluctuations not related to the day and
night cycle. These fluctuations are causally related to changes in blood pressure and body temperature. The present study reveals
the complete loss of the diurnal blood pressure and body temperature rhythmicities in patients with “probable” normal pressure
hydrocephalus.
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INTRODUCTION

Continuous monitoring of intracranial pressure (ICP) is a
well established medical procedure that for 60 years has been
considered a milestone in brain lesion management”. Both
cardio- and respiration-related rhythmic oscillations of ICP
are thoroughly explored and evidence-based physiological
phenomena. In contrast, little is known about long-time ICP

fluctuations and biorhythmicity. Among those, the most ob-
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vious are the circadian rhythms associated with activity and
sleep over circa 24-hour cycle. In healthy subjects, the normal
diurnal/circadian biorhythms are controlled by the central
circadian oscillator in hypothalamus (master clock), which
adjusts itself to the light/dark cycle of the earth rotation. Thus
far, three physiological parameters related to the time of day
and night have been recognized as the most robust biomark-
ers of human circadian rhythm, namely the melatonin secre-

tion, the cortisol level, and the body temperature (BT), the
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measurement of BT providing the simplest and fastest practi-
cal method of monitoring”.

The present study is designed to evaluate the ICP periodicity
over long-time scale with the help of intraventricular pressure
monitoring in patients with normal pressure hydrocephalus.
The circadian and diurnal behavior of BT and blood pressure
(BP) is studied in the observed patients. Moreover, the causal
relationship among all the recorded variables is analyzed and

its nature is discussed.

CASE REPORT

Study design

All patients were treated at the Department of Neurosur-
gery and Neurotraumatology. Data analysis was performed
retrospectively including medical charts obtained between
2010 and 2020. The study was approved by the Regional Ethi-
cal Board at Medical Council (Resolution No 04/KB/II) and

written consent was taken from the patients.

Patients

The patients with “probable” normal pressure hydrocepha-
lus included in the study met the criterium of having continu-
ous ICP measurements performed for at least 36 hours pre-
ceding the infusion test procedure'”. Patients under the age of
18 years and with ICP over 20 mmHg were excluded. When
daily variations in atmospheric pressure (AP) exceeded 2
mmHg during measurements, the patient was excluded from
the study. During the study period, all 37 patients underwent
continuous ICP monitoring followed by an infusion test.
Thirty patients were excluded due to the period of measure-
ments shorter than 36 hours (the mean duration of the ICP
recording in all above 30 patients was 25.1 hours; 95% confi-
dence interval [CI], 18.1 to 32.1 hours). One patient was ex-
cluded due to the diagnosis of brain pseudotumor with ICP
>20 mmHg, one patient was excluded due to age of less than
18 years, and another patient was excluded because of unstable
AP (AP changed from 767 mmHg to 746 mmHg during the
ICP recording). The remaining four patients were enrolled for
the analysis. None of the patients had symptoms of severe co-

morbidities.
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Monitoring and data recording

The ICP measurements were performed with an intraven-
tricular device (piezoelectric sensors by Codman Inc., Rayn-
ham, MA, USA and by Sophysa Inc., Crown Point, IN, USA)
with the accuracy of 2% in the measured pressure. ICP was
recorded continuously with an intracranial monitoring systems
(ICP Express by Codman Inc. and ICP Pressio by Sophysa Inc.)
in lying horizontal position (checked by inclinometer). The ar-
terial BP was measured non-invasively in the brachial artery
with an oscillometric device in maintained horizontal position
in all patients and then the mean BP was calculated by adding
one-third of the pulse pressure to the diastolic pressure. All the
data from the ICP and BP measurements were evaluated by av-
eraging over 1 hour periods. As a rule, during this study, AP
was monitored since it is used as the zero reference point for
each ICP record. The calibration was carried out intraopera-
tively. Consecutive hourly AP data were recorded directly with
a weather station (Carrin KW9006W-SM by Carrin Electronics
Company Ltd., Hong Kong), measurement’s precision being
+1 mmHg. BT was monitored in the frontal region above gla-
bella by a non-contact thermometer (Thermofocus Essential
0700A2 by Tecnimed S.r.l., Varese, Italy) with measurement’s
precision of £0.2°C. The temperature probe recorded distal skin
temperature in degrees Celsius every hour during the study. All
the recorded data was divided into the day (6:00 to 18:00) and
night (18:00 to 6:00) cycles. On the basis of all the measure-
ments, the hourly and day/night (cyclical) changes of the stud-

ied parameters were calculated.

Analysis and statistics

The measured data was analyzed using the Statistica ver. 10
software (StatSoft Inc., Tulsa, OK, USA). Student’s t-test was
performed when variables were normally distributed, other-
wise the non-parametric (Mann-Whitney U test) estimation
was carried out. The relations between variables were analyzed
with the Spearman correlation (r).

The concept of autocorrelation method and autocorrelation
coefficients (aR) were employed in the evaluation of the peri-
odicity of the recorded measurements with the whitened and
detrended analysis according to the applied algorithm'”. This
algorithm is capable of indicating whether the periodicity of
autocorrelation is related significantly and equal to the peri-
odicity of ordered data of time series. It enables one to calcu-

late both the frequency and the length of the cycle rhythm. An



absolute requirement for analyzing the circadian time-series
data is the observation period longer than 36 hours. The auto-
correlation function was graphically represented by correlo-
grams. The interval between the highest peaks (in the same
phase) in a correlogram indicates the length of the cycle (peri-
od). In order to estimate the time-lagged relationships be-
tween the variables in question, the whitened and detrended
cross-correlation analysis was performed, yielding the cross-
correlation coefficient (R).

The magnitudes of the observed data were estimated within
95% CI. The differences between variables were considered

statistically significant when a p-value was 0.05 or less.

Results

General data

The four subjects underwent the total of 216 hours of con-
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tinuous ICP recording (time range 39 to 66 hours). There were
neither postoperative clinical complications nor technical
problems. The mean ICP in all four patients was 9.5 mmHg
(95% CI, 3.2 to 15.8 mmHg; minimum, 4 mmHg; maximum,
17 mmHg; range, 13 mmHg). The plotted data of hourly ICP
in each case is displayed in Fig. 1. The study was performed
under stable atmospheric pressure conditions (mean AP, 757.8
mmHg; AP range of 754 to 761 mmHg). The mean BP in all
above patients was 83.3 mmHg (95% CI, 72.1 to 94.4 mmHg;
minimum, 53 mmHg; maximum, 104 mmHg; range, 51
mmHg), the mean systolic BP was 103.9 mmHg (minimum,
94 mmHg; maximum, 185 mmHg; range, 91 mmHg), the
mean diastolic BP was 73 mmHg (minimum, 47 mmHg;
maximum, 86 mmHg; range, 39 mmHg). The mean BT was
36.4C (95% CI, 35.9C to 36.9C; minimum, 35.1C; maxi-
mum, 37.8C; range, 2.7C). The subjects” characteristics are

compiled in Table 1.
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Fig. 1. The patterns of hourly ICP time series for the cases studied. On the vertical axis : the ICP values in mmHg. On the horizontal axis : the consecutive
hours of study time. The ICP recordings begin at 19:00, 23:00, 11:00, and 16:00 for cases 1-4, respectively. ICP : intracranial pressure.
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In all the cases, the observations indicated a weak correla- relation between ICP and BT (r=0.31, p=0.018), and a weak
tion between ICP and BP (r=-0.16, p=0.035), a moderate cor- correlation between BP and BT (r=0.19, p=0.05).

Table 1. Clinical and demographic features

Case No. Gender (ytgis) Medz;:Ll:;.;.tory Recorc::‘r:)gutrist;ration ICP (mmHg) BP (mmHg) BT (°C) (m::-I a)
1 F 28 8 39 7 (5.3-6.1) 75.3(72.2-78.3) .1(35.9-36.2) 761
2 M 64 5 59 14.8 (14.5-15.2) 86.7 (84.9-884)  36.5 (36.4-36.5) 756
3 F 71 2 52 4(6.9-79) 91.1 (89.4-92.8) 36.3 (36.3-36.4) 754
4 M 74 5 66 .1(9.5-10.7) 799 (78.3-81.5)  36.8 (36.7-36.9) 760

Values are presented as mean (95% confidence interval) or number. ICP : intracranial pressure, BP : blood pressure, BT : body temperature, AP : atmo-
spheric pressure, F : female, M : male

ICP ICP
Case 1 Case 2
Autocorrelation Function Autocorrelation Function

Lag Corr. S.E. Lag Corr. S.E. Q P

1 +,865 ,1542 1 +,851 ,1269 . 44,94 ,0000
2 +,640 ,1521 2 +,635 ,1258 70,39 ,0000
3 +,378 ,1500 3 +,413 ,1247 81,38 ,0000
4 4,142 ,1479 4 +,229 ,1236 ] 84,81 ,0000
5 -,029 ,1458 5 +,099 ,1225 ] ‘ 85,47 ,0000
6 -,137 ,1437 6 +,015 ,1214 1 85,48 ,0000
7 -,194 ,1415 7 -,057 ,1202 | | 85,71 ,0000
8 -,226 ,1392 8 -,138 ,1190 | 87,05 ,0000
9 -,260 ,1370 9 -,218 ,1179 [ | 90,45 ,0000
10 -,307 ,1347 10 -,286 ,1167 96,48 ,0000
11 -,363 ,1323 11 -,342 ,1155 ‘ 105,3 ,000
12 -,411 ,1299 12 -,390 ,1143 116,9 0,000
13 -,432 ,1275 13 -,431 ,1131 ‘ 131,4 0,000
14 -,409 ,1250 14 -,456 ,1118 148,1 0,000
15 -,345 ,1225 15 -,461 ,1106 ‘ 165,4 0,000
16 -,264 ,1199 16 -,442 ,1093 181,8 0,000
17 -,183 ,1173 17 -,393 ,1080 ‘ 195,1 0,000
18 -,089 ,1146 18 -,318 ,1067 203,9 0,000
19 +,023 ,1118 19 -,230 ,1054 208,7 0,000
20  +,133 ,1090 20 -,131 ,1041 ‘ [ ] 210,3 0,000
21 +,218 ,1061 21 -,020 ,1028 1 210,3 0,000
22 +,259 ,1031 22 +,096 ,1014 | m 211,2 0,000
23 +,243 ,100 23 +,205 ,1000 215,4 0,000
24 +,179 ,0969 24 +,279 ,0986 \ 223,5 0,000
25  +,091 ,0936 25  +,296 ,0972 232,7 0,000
26  +,007 ,0902 26 +,276 ,0958 ‘ 241,1 0,000
27 -,050 ,0866 27 +,256 ,0943 248,4 0,000
28 -,063 ,0829 28 +,252 ,0928 255,8 0,000
29 -,029 ,0791 29 +,277 ,0913 265,0 0,000
30 +,029 ,075% 30 +,314 ,0898 ! %77,2 0,000

-1,0 -0,5 0,0 0,5 10 ~—— Conf. Limit -1,0 -0,5 0,0 0,5 1,0 Conf. Limit
ICP ICP
Case 3 Case 4
Autocorrelation Function Autocorrelation Function

Lag Corr. S.E. Lag Corr. S.E. Q P

1 +,891 ,1348 1 +,911 ,1203 I | 57,33 ,0000
2 +,684 ,1334 2 +,711 ,1194 ‘ 192,81 0,000
3 +,444 ,1321 3 +,473 ,1185 -1108,7 0,000
4 +,225 ,1307 4 +,248 ,1175 4113,2 0,000
5) +,048 ,1294 5 +,056 ,1166 | ] 4113,4 0,000
6 -,097 ,1280 6 -,102 ,1156 [ ] {114,2 0,000
7 -,222 ,1266 7 -,231 ,1147 = 1118,2 0,000
8 =p 2 51252 8 -,329 ,1137 1126,6 0,000
9 -,405 ,1237 9 -,389 ,1127 1138,5 0,000
10 -,456 ,1223 10 -,406 ,1117 ‘ 1151,7 0,000
11 -,487 ,1208 11 -,392 ,1107 1164,3 0,000
12 -,497 ,1194 12 -,361 ,1097 4175,1 0,000
13 -,478 ,1179 13 -,325 ,1087 -1184,1 0,000
14 -,417 ,1163 14 -,301 ,1076 4191,9 0,000
15 -,328 ,1148 15 -,297 ,1066 1199,6 0,000
16 -,250 ,1132 16 -,298 ,1056 4207,6 0,000
17 -,196 ,1116 17 -,290 ,1045 ‘ 1215,3 0,000
18 -,143 ,1100 18 -,269 ,1034 1222,1 0,000
19 -,063 ,1084 19 -,235 ,1023 1227,4 0,000
20 +,055 ,1068 20 -,192 ,1012 1231,0 0,000
21 +,191 ,1051 21 -,142 ,1001 [ | 41233,0 0,000
22 +,303 ,1034 22 -,084 ,0990 [ ] 4233,7 0,000
23 +,357 ,1016 23 -,012 ,0979 1 ‘ 4233,7 0,000
24  +,356 ,0999 24 +,079 ,0967 [ ] 4{234,4 0,000
25 +,318 ,0981 25 +,181 ,0956 1237,9 0,000
26 +,259 ,0962 26 +,281 ,0944 1246,8 0,000
27 +,188 ,0944 27 +,362 ,0932 ‘ 1261,8 0,000
28 +,111 ,0925 28 +,405 ,0920 1281,2 0,000
29 +,033 ,0905 29 +,405 ,0908 ‘ = 1301,1 0,000
30 -,036 ,08850 30 +,366 ’089% B 817,5 0,000

-1,0 —— Conf. Limit -1,0 -0,5 0,0 0,5 1,0 —— Conf. Limit

Fig. 2. Plots of autocorrelation functions of the original intracranial pressure (ICP) time series for all the cases studied. The data displayed include the
delay (Lag), the autocorrelation coefficient for the delay (Corr.), the standard error (S.E.), the Q Box and Ljung coefficient (Q), and the level of significance
of the result (p). On the horizontal axis : the confidence interval (a=0.05); the delay value indicates how many hours backwards the time series is
compared with (e.g., 10 means comparison with 10 hours backwards); the confidence interval illustrates the spacing of two standard deviations from
zero; the two red lines represent the 95% confidence interval (all the autocorrelations inside this “corridor” are virtually zero).
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Day and night cycles

The mean ICP in all four cases was 10.0 mmHg during day
(95% CI, 9.3 to 10.7 mmHg) and 9.9 mmHg during night
(95% CI, 9.3 to 10.6 mmHg). ICP did not vary significantly
between day and night (Mann-Whitney U test, p=0.08). The
mean BP was 86.2 mmHg during day (95% CI, 84.7 to 87.8
mmHg) and 81.6 mmHg during night (95% CI, 80.0 to 83.2
mmHg). BP did not vary significantly between day and night
(Mann-Whitney U test, p=0.61). The mean BT was 36.5C
during day (95% CI, 36.4C t0 36.6C) and 36.5C during night
(95% ClI, 36.4C to 36.5C). BT did not vary significantly be-
tween day and night (Mann-Whitney U test, p=0.10).

Autocorrelation
The results of the autocorrelation analysis are presented

graphically in Figs. 2-4 that depict both positive and negative

BP
Case 1
Autocorrelation Function

Lag Corr. S.E. P

17 +,915 ,1542 | 35,26 ,0000
EN S ‘ 25133 10000
1 4,479 ;1279 \ 88,98 ,0000
5 +,346 ,1458 94,61 ,0000
6 +,210 ,1437 | —] 96,75 , 0000
7 +,058 ,1415 \ | 6,92 ,000
8 -,108 ;1392 [ 97,52 ;0000
9  -;264 ,1370 = 101,2 ;0000
o S ioer] poeoe
12 -,533 ,1299 = \‘ 139,7 0,000
13 -,561 ,1275 I | 159,0 0,000
14 -,565 ,1250 ’ 179,5 0,000
15 -,542 ,1225 199,1 0,000
16 -,497 ;1199 | 216,3 0,000
17  -,440 ;1173 | 230,3 0,000
18 -,373 ,1146 | 240,9 0,000
19 -,297 ;1118 248,0 0,000
20 -,208 ,1090 | 251,6 0,000
21 -,110 ,1061 [ 252,7 0,000
22 -,010 ,1031 \ 1 | 252,7 0,000
23 +,076 ,1000 | m | 253,3 0,000
24 +,138 ,0969 . | 255,3 0,000
25  +,165 ,0936 | —1i 258,4 0,000
26 +,167 ,0902 ‘ | 261,8 0,000
27  +,172 ,0866 \ 265,8 0,000
28  +,185 ,0829 \ 270,7 0,000
29  +,189 ,0791 \ 276,4 0,000
30 +/175 ;0750 ! 281,9 0,000

40 05 0,0 05 10 ~— Conf. Limit
BP
Case 3
Autocorrelation Function

Lag Corr. S.E. QP

17 +,800 ,1348 = 35,26 ,0000
2 4,577 ,1334 \ 53,97 ,0000
3 4,407 ,1321 63,47 ,0000
1 +,305 ,1307 | 8,93 ,0000
5 4,242 ,1294 ] 72,43 ;0000
6 +,184 ,1280 ] 74,43 ;0000
7 4,120 ,1266 - 75,39 ,0000
8  +,060 ,1252 n 75,62 ,0000
9 4,001 ,1237 | 75,62 ,0000
10 -,076 ,1223 | 76,00 ,0000
11 -,183 ,1208 [ ‘ 78,30 ,0000
12 -;303 ;1194 84,76 ,0000
13 -,400 ,1179 96,27 ,0000
14 -;451 ;1163 111,3 ;0000
15 -,458 ,1148 7,2 0,000
16 -,420 ;1132 ‘ 141,0 0,000
17 -,342 ,1116 150,4 0,000
18 -,261 ,1100 | 156,0 0,000
19  -,217 ,1084 | 160,0 0,000
20 -,223 ,1068 164,3 0,000
21 -,254 ,1051 | 170,2 0,000
22 -,275 ;1034 | 177,3 0,000
23 -,262 ,1016 | 183,9 0,000
24 -,208 ,0999 / 188,2 0,000
25 -,114 ;0981 ] 189,6 0,000
26 -,004 ;0962 [ 189,6 0,000
27 +,093 ,0944 ] 190,6 0,000
28  +,162 ,0925 | 193,6 0,000
29  +,175 ,0905 ‘ 197,4 0,000
30 4,131 ;0883 [} 19976 0,000

1,0 0,5 00 05 1,0 ~— Conf. Limit
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values within the 30-hour window, demonstrating either
strong or moderate correlations in all the cases considered. A
well-pronounced daily periodicity in BP can be seen in two
cases, 1 and 3; whereas in cases 2 and 4 autocorrelations do not
exhibit completed 24-hour cycles. Large-amplitude daily BT
oscillations are found in three cases, 1-3. In case 4, the auto-
correlation index does not reach the full 24-hour cycle period.
The periods of the ICP cyclical wave patterns are as follows :
22 hours, 24 hours, 23 hours, and 28 hours in cases 1-4, re-
spectively (see Fig. 5). Thus, the mean period of the ICP cyclical
fluctuations is 24.25 hours (95% CI, 20.1 to 28.4 hours). The
observed ICP oscillations are significantly related to the biological
rhythm with a period of about a day. Additionally, the auto-
correlation results show the ICP, BP and BT values conform-

ing to a bimodal (positive and negative) curves over a day.

Fig. 3. Plots of autocorrelation functions of the original blood pressure (BP) time series for all the cases studied.

BP
Case 2

Autocorrelation Function
Lag Corr. S.E Q P
1 +,941 ,1269 | 154,99 ,0000
2 +,805 ,125 95,93 0,000
3 +,626 ,1247 ‘ 1121,1 0,000
4 +,432 ,1236 4133,3 0,000
5 +,247 ,1225 1137,4 0,000
6 +,088 ,1214 [ ] 1137,9 0,000
7 -,037 ,1202 [ | 1138,0 0,000
8 -,134 ,1190 | | 1139,3 0,000
el -,207 ,1179 [ | [ 1142,4 0,000
10 -,258 ,1167 1147,2 0,000
11 -,290 ,1155 J 153,5 0,000
1 -,312 ,1143 4161,0 0,000
13 -,325 ,1131 \ 4169,2 0,000
14 -,324 ,1118 4177,6 0,000
15 -,311 ,1106 [ 1185,5 0,000
16 -,292 ,1093 1192,7 0,000
17 =p 263 ;b ‘ 1198,7 0,000
18 -,223 ,1067 4203,0 0,000
19 -,165 ,1054 [} 205,5 0,000
20 -,098 ,1041 | [ ] 206,4 0,000
21  -,035 ,1028 [ 4206,5 0,000
22 +,014 ,1014 I 1 ‘ 1206,5 0,000
23 +,037 ,1000 ] 1206,6 0,000
24 +,028 ,0986 ] 1206,7 0,000
25 -,009 ,0972 | 1206,7 0,000
26 -,064 ,0958 u 4207,2 0,000
27 -,121 ,0 ‘- ‘ 1208,8 0,000
28 -,164 ,0928 [} 211,9 0,000
29 -,184 ,0913 J 216,0 0,000
30 -,176 ,089% %19,3 0,000

-1,0 -0,5 0,0 0.5 1,0 —— Conlf. Limit
BP
Case 4

Autocorrelation Function
Lag Corr. S.E. Q p
1 +,868 ,1203 ? 152,01 ,0000
2 +,552 ,1194 173,38 ,0000
3 +,206 ,1185 ] 176,41 ,0000
4 -,044 ,1175 [ | 476,55 ,0000
5 -,147 ,1166 [ | 478,14 ,0000
6 -,135 ,1156 479,51 ,0000
7 -,096 ,1147 [} -80,21 ,0000
8 -,098 ,1137 | | 180,95 ,0000
9 -,158 ,1127 || 182,91 ,0000
10 -,238 ,1117 187,46 ,0000
11 -,284 ,1107 [ 194,06 ,0000
12 -,260 ,1097 199,70 ,0000
13 -,178 ,1087 [ ] 102,4 ,0000
14 -,081 ,1076 [] 4102,9 ,0000
15 -,017 ,1066 1 1103,0 ,0000
16 -,010 ,1056 ] 4103,0 ,0000
17 -,046 ,1045 | ] 1103,2 ,0000
18 -,088 ,1034 | | 1103,9 ,0000
19 -,102 ,1023 [ | 1104,2 ,0000
20 -,084 ,1012 l [ ] ‘ 1105,6 ,0000
21 -,051 ,1001 [ | 105,8 ,0000
22 -,023 ,0990 [ 105,92 ,0000
23 -,017 ,0979 1 4105,9 ,0000
24 -,035 ,0967 [ 4106,0 ,0000
28 -,062 ,0956 | | -1106,5 ,0000
26 -,077 ,0944 ‘ | | 1107,1 ,0000
27 -,067 ,0932 [ ] ‘ 1107,6 ,0000
28 -,033 ,0920 [ 1107,8 ,0000
29 +,008 ,0908 \ 1 ‘ 107,8 ,000
30 +,035 ,0898 | . %07,9 , 0000

-1,0 05 00 0,5 1,0 ~—— Conf. Limit
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Fig. 4. Plots of autocorrelation functions of the original body temperature time series for all the cases studied.

Autocorrelation functions
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Fig. 5. Autocorrelation (aR) curves of intracranial pressur (ICP) for all the cases studied over the entire 30 hours pattern. The corresponding 95%
confidence interval is marked as red solid lines. In the right panel, the calculated period of the ICP rhythm in the case 4 (in yellow) is slightly longer and

closer to the upper circadian range (the horizontal axis : the time lag in hours, the vertical axis : the autocorrelation coefficient).
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Fig. 6. The whitened and detrended cross-correlations of ICP/BP, ICP/BT and BP/BT (respectively from top to bottom) in patients 1-4, with the first
patient on the left side of the figure and the fourth one on the right side. The corresponding 95% confidence interval is marked as red solid lines. There
are statistically significant causal relations in all the cases between ICP and BP (R=0.57, p<0.05), between ICP and BT (R=0.61, p<0.05), and between BP
and BT (R=0.657, p<0.05). ICP : intracranial pressure, BP : blood pressure, BT : body temperature.
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Fig. 6. Continued.

Cross-correlation

Fig. 6 displays the results of the cross-correlation analysis
between all the variables in cases 1-4. The cross-correlation
functions reflect significant causal relationships among ICP,
BP, and BT. These data also exhibit cyclical patterns with peri-
ods amounting to approximately 1 day.

DISCUSSION

The term circadian rhythm refers to biological rhythmical
periods completed within 24 hours (in the range of 20 to 28
3,4)

hours or, exceptionally, even 13 to 34 hours)™™. The precise
and reliable assessment of those periods was carried out by
Czeisler et al.” in 24 healthy young and older human subjects
under controlled conditions. The mean calculated circadian
period was 24.18 hours with narrowed distribution of £0.04
hour, which reflects the normal activity of hypothalamic su-
prachiasmatic nucleus’.

The principal finding of this study is that of the average full

cycle of the ICP fluctuation amounting to 24 hours and 15
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minutes. Such cyclical oscillations are definitely considered
circadian rhythms. The results also show that the long-term
ICP fluctuations in analyzed patients with normal pressure
hydrocephalus are not related to the day/night cycle. The im-
portance of this observation stems from the absence in the
medical literature of previous descriptions of circadian ICP
patterns in normal pressure hydrocephalus in humans. There
are only few reports on the ICP circadian rhythm in humans
with brain injury. The earliest known study which noticed the
presence of the circadian rhythm of ICP in humans is that of
Kropyvnytskyy et al.”. Namely, in six out of 13 patients with
severe traumatic brain injury (TBI), the ICP circadian rhythm
was detected by the iterative cosinor method. The ICP circa-
dian rhythm in TBI patients was definitely confirmed by Li et
al"”. Using the single cosinor method, these authors detected
a circadian pattern of ICP in all the 62 studied patients with
moderate or severe brain injury.

In contrast to single reports about ICP circadian periodicity,
the circadian and diurnal fluctuations in BP and BT are well
described physiological phenomena of human biorhythmicity.
The loss of the BP and BT circadian period and diurnal pat-



tern observed in long-term monitoring of the patients is a
striking finding in the present study. Namely, significant BP
variation during day/night cycle was detected in none of the
patients, the observed fluctuations of BP not matching the cir-
cadian period in two patients. Similarly, BT did not exhibit
significant diurnal changes related to the day/night cycle in all
patients, whereas the wave period was out of the circadian
range in one patient. Full circadian desynchronization of both
BP and BT (the loss of diurnal rhythm and longer period than
30 hours) was noted in the case 4, the full desynchronization
of BP only in the case 2, and incomplete desynchronization
(i.e., the diurnal loss of BP and BT rhythmicity) in other two
cases.

The phenomenon of the loss of physiological patterns in the
diurnal rhythm demonstrated in the cases presented in this
paper is in line with that observed in acute cerebrovascular
diseases and dementia observed by Jain and colleagues”, who
reported the loss of circadian BP fluctuations in patients with
acute stroke. Recent studies focused on the master clock aging
demonstrated the loss of hypothalamus neurons, the associat-
ed robust reduction in the amplitude of the output signals by
50% in aged suprachiasmatic nucleus resulting in altering
synaptic transmission and leading to desynchronization of
circadian biorhythmicity”. Perhaps, the main reason for com-
plete desynchronization in the studied 74-year old patient
(case 4) is the age-related master clock malfunction in the el-
derly.

The loss of the diurnal rhythmicity of ICP, BP and BT ob-
served in the present study can be regarded as an associated
symptom of the normal pressure hydrocephalus development.
Especially crucial is the lack of diurnal BT variation in all the
four patients as BT is the key biomarker of diurnal biorhyth-
micity in humans. This diurnal temperature rhythmicity is
under control of the suprachiasmatic nucleus located directly
under the bottom of the third ventricle, which can be dis-
turbed functionally and structurally in hydrocephalus due to
ventricle enlargement in the vicinity of the nucleus.

Although no strong correlations among ICP/BP, ICP/BT
and BP/BT were observed, statistically significant causal rela-
tions among these variables do exist. The lag (phase differ-
ence) behavior between the monitored variables is not unidi-
rectional as it can be either positive or negative. Interestingly,
the ICP circadian waves measured in this study precede the

BP oscillations in one patient (case 1), while in other patients

ICP Periodicity in Hydrocephalus | Herbowski L

the relation is the opposite. Thus, there is a dual transfer function
behavior between the arterial BP and ICP circadian rhythm. It
is widely accepted that, in normal physiological circumstanc-
es, the arterial BP entering the cranium is a leading wave
which impacts the ICP fluctuations. Thus, the situation when
fluctuations in the output signals (ICP) precede fluctuations
in the input signal (BP), as observed in this study, calls for ex-
planation. Such erratic behavior of the relation between both
waves in long-time scale may be caused by the disruption of
the master clock due to ventricle enlargement. However, the
underlying pathomechanisms are presently not known.

In summary, it is essential to consider the following phe-
nomena encountered in the presented study as symptoms as-
sociated with the onset or development of normal pressure
hydrocephalus : the disruption of the BP and BT circadian
rhythms (outside of the range of entrainment), the loss of the
BP and BT diurnal rhythmicity, and the loss of the ICP diur-
nal fluctuations. Such desynchronization of circadian/diurnal
biorhythms is the sign of circadian pathology reflecting dis-
turbances in the function of the master clock located in the
hypothalamus at the bottom of the third ventricle. The recent
studies, including those employing the diffusion tensor imag-
ing, do not indicate direct pathological change within the an-
terior hypothalamus. Thus, it is reasonable to hypothesize that
functional compression and stretching of the axons connect-
ing with suprachiasmatic nucleus is the fundamental reason
of biorhythmicity desynchronization”. The circadian desyn-
chronization in patients with “probable” normal pressure hy-
drocephalus is thus becoming an essential indicator of prog-
nostic value.

The presented work has a few limitations. Firstly, a relatively
small sample size of four patients with “probable” normal
pressure hydrocephalus was studied. In order to confirm the
reproducibility of the presented results, more studies should
be conducted. Secondly, the cyclical ICP fluctuation should be
measured over more than one cycle. A wider window for the
time-series analysis is required. Thirdly, there was no control
group since ICP recordings in healthy individuals are unavail-
able due to ethical reasons. All in all, more long-term ICP re-

cordings should be collected in future.
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CONCLUSION

Continuous ICP recording in normal pressure hydrocepha-
lus patients shows cyclical fluctuations with a period of about
24 hours. Thus, these fluctuations are considered circadian
ICP rhythm but are not related to the day and night cycles.
The circadian ICP fluctuations are found to be causally relat-
ed to BP and BT changes. The disruption of the circadian BP
and BT biorhythmicity indicates master clock desynchroniza-
tion. This study shows a complete loss of the diurnal BP and
BT rhythmicity in four observed patients with “probable”

normal pressure hydrocephalus.
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