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Abstract

The purpose of the current research was to revise the disturbances of autoregulation of cerebral hemodynamics
and reactivity of vessels in patients with consequences of mild traumatic brain injuries by using Doppler
ultrasonography with hyper-and hypocapnic tests.

Methods: We examined 65 patients with consequences of mild traumatic brain injuries. Doppler ultrasonography
with hyper-and hypocapnic tests were carried out according to the standard method.

Results: During the research by Doppler ultrasonography with the hypercapnic and hypocapnic tests in patients
with consequences of mild TBI the coefficient of overshoot of 1.13 + 0.04 was identified. A paradoxical cerebral
vascular response was evident as a delayed response to the tests as carried out. The above response was
accompanied by the increase of the LVF after the hypercapnic test to 28.7% (48.8% in the control group) and by the
increase of the LVF after the hypocapnic test to 36.8% (27.5% in the control group). Under the hypercapnic load in
patients with consequences of mild TBI the coefficient of reactivity was lower than that of the patients in the control
group (0.34 + 0.07 and 0.46 + 0.03 RVU respectively, p<0.05). Under the hypocapnic load in patients with
consequences of mild TBI the coefficient of reactivity was lower than that of healthy subjects (0.44 + 0.02 and 0.55 +
0.04 RVU respectively, p<0.05). The index of vasomotor reactivity in patients with TBI consequences was lower,
than that of the control group (73.1 £ 0.05 and 97.3 £ 0.02 respectively, p<0.0001). The increase of Pl up to 1.73 £
0.02; and the increase of Rl up to 0.97 + 0.02 (p<0.0001) were present in all the patients in the survey sample with
consequences of traumatic brain injuries.

Conclusions: During our investigation we detected changes of reactivity of vessels towards the decrease of
indicators of linear velocity of blood flow under the tests. A paradoxical vascular response was marked in all the
patients under the hyper- and hypocapnic load; a test-induced delayed vessels reaction was marked in 52 out of 65

patients.
L J
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Introduction

Traumatic brain injury (TBI) is frequently referred to as the silent
epidemic because the problems that result from it (e.g., impaired
memory) often are not visible. Mild traumatic brain injury (MTBI)
accounts for at least 75 percent of all traumatic brain injuries in the
United States. However, it is clear that the consequences of MTBI are
often not mild [1-4].

TBI-induced pathogenesis is multifocal and includes various
pathophysiological and pathobiochemical processes: oxidative stress,
excitotoxicity, perifocal neuron depolarization (within the first
minutes & hours after the trauma), autoimmune inflammation,
apoptosis (within further days & weeks) etc. In the long run all these
mechanisms lead to the loss of neurons and neural bonds between
different parts of CNS [5-8].

In a long-term perspective TBI generates ‘posttraumatic syndrome’,
marked by a headache, dizziness, tiredness, low mood and memory
impairment. Depending on its severity and type, TBI results in
primary structural-functional brain damage differing in abundance
and degree at the subcellular, cellular, tissular and organ level; besides,
central regulation of vital functions may be disturbed. Mild traumatic
brain injury is a mild case of a diffuse axonal injury. It is recognized
that clinical aspects of mild traumatic brain injury are conditioned by
asynapsia, mainly functional, between the cerebral cortex, subcortical
structures and brain stem. Morphologic substrate of mild traumatic
brain injury includes synaptic apparatus and redistribution of
interstitial fluid. Disturbed circulation may also be registered in case of
mild traumatic brain injury, arising from small vessels lesions and
white matter capillaropathy [4,5,9].

The involving of brain stems structures provokes both specific and
nonspecific brain systems impairment, manifesting as autonomic and
neuropsychological disorders. Mild TBI-induced lesion of limbic-
reticular complex leads to circulatory disturbance and to cerebral
synaptic apparatus disorder. In the following reticulo-cortico-
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subcortical malfunction is complicated by dyscirculatory alterations,
neurohumoral, neurohormonal and metabolic derangements,
produced by a ‘tension mechanism’, common to a stressful situation
[7,8,10-12].

Mild TBI primary structural changes trigger the initiation of
neurometabolic pathway, generally at ultrastructural level. These
alterations factor into tissue hypoxia progression and acid
intoxication. Brain injury originates cerebral autoregulation disorder,
liquor-dynamic disturbances and alterations in hematoencephalic
barrier permeability. Cerebral autoregulation is one of the
fundamental properties of the cerebral circulation. 1t is of fundamental
importance for adequate cerebral blood supply and it is defined by
cerebral vessels’ capacity to hold constant volume velocity of cerebral
blood flow on a change of perfusion pressure. Changes in cerebral
vessels reactivity may represent a diagnostic character, as well as they
may describe cerebral circulation functional status [13-15].

The purpose of the current research was to revise the disturbances
of autoregulation of cerebral hemodynamics and reactivity of vessels
in patients with consequences of mild traumatic brain injuries (TBI)
by using Doppler ultrasonography with hyper-and hypocapnic tests.

Materials and Methods

We examined 65 patients with consequences of mild traumatic
brain injuries, at the age of 25- 35, where 50 male and 15 female
patients. The duration of the disease was 2-3 years. All the patients
were subject to comprehensive clinical neurological exam. Basic
syndromes detected in patients were: cephalalgias, asthenic syndrome
and dysautonomia, that is consistent with literature data [5,9,13]. All
the patients present the following problems: headaches (98.7%), rapid
fatigability (82.2%), attention and memory impairment (32.8%),
dizziness (10.6%), acrimony (52.4%), anxiety (47.8%), sleep problems
(27.4%). In neurologic status symptomatology was observed in the
form of decrease of convergence (68.2%), asymmetry of face (76.8%),
revivals of tendinous reflexes (78.5%), asymmetry of tendinous reflexes
(63.6%), paleness of skin cover (37.7%), red dermographism (78.3%),
white dermographism (27.7%).

The examination did not cover patients with a concurrent actual
somatic pathology.

The control group included 30 apparently healthy subjects (20 men
and 10 women), gender and age-coinciding with the survey sample.

To evaluate hemodynamic index of linear velocity of blood flow
(LVF) and indicators of reactivity of vessels in the system of the
common carotid arteries (common, external and internal carotid
arteries), all the patients were examined by the method of Doppler
ultrasonography (the supersonic apparatus E SAOTE Megas GPX
2004, the linear detector 7.5-10 MHz). The assessment was performed
by standardized method. To determine cerebral vessels reactivity
hypercapnic and hypocapnic tests were applied. Hypercapnic test was
exercised by a post- inhalation breath-holding up to 30 sec. with a
cerebral blood flow measurement immediately prior to exhalation.
Hypocapnic test was exercised after the hypercapnic one, by way of
frequent and deep breathing during 30 sec. None of the patients
showed clear signs of distress due to the tests. Before conducting the
compression tests, routine Doppler ultrasonography of vessels of
common, external and internal carotid arteries was carried in all the
patients in order to exclude coiling, occlusion and hemodynamically
relevant stenosis.

In our study, in order to estimate hemodynamics and reactivity of
vessels in the carotid arterial system, we took into consideration the
primary average LVF (aLVF), systolic linear velocity of blood flow
(sLVF), the pulsation index (PI) and the index of peripheral resistance
(RI). We estimated VO-the average LVF at a baseline, V1-the average
LVF during the hypercapnia, V2-the average LVF during the
hypocapnia, overshoot (vicarious increase of LVF in response to
hypercapnia).

We calculated the coefficient of overshoot (CO), the coefficient of
reactivity during the hypercapnia (CR+), the coefficient of reactivity
during the hypocapnia (CR-), the index of vasomotor reactivity
(IVMR).

The coefficient of overshoot (CO) was calculated by the formula
[13-16]:

CO =V1/ Vo0,
in which V0 means the average LVF at a baseline,
V1 means the average LVF during the hypercapnia.

The coefficient of reactivity during the hypercapnia (CR+) was
calculated by the formula [13,16,17]:

CR+ = (V1/V0)-1
in which V0 means the average LVF at a baseline,
V1 means the average LVF during the hypercapnia.

The coefficient of reactivity during the hypocapnia (CR-) was
calculated by the formula [13,16,17]:

CR- = 1-(V2/V0)
in which V0 means the average LVF at a baseline,
V2 means the average LVF during the hypocapnia.

The index of vasomotor reactivity (IVMR) was calculated by the
formula [13,16,17]:

IVMR = ((V1-V2)/V0) *100%

in which V0 means the average LVF at a baseline,
V1 means the average LVF during the hypercapnia,
V2 means the average LVF during the hypocapnia.

The data received were mathematically processed by analysis-of-
variance method (Student's t-test and Fischer test); correlation
relationship was estimated using program packages Excel XP build
10.6612.6625-SP3 (Microsoft), Statistica 6.0 (Statsoft Inc)

Results and Discussion

Spectrographic shapes of the arterial system in question
significantly differ. Analysis of Doppler-shifted spectrum allows
classifying them as arteries with a low, mean and high peripheral
vascular resistance (PVR). PVR level depends on the region, wherein a
targeted artery supplies blood. Thus, the blood flow in the internal
carotid artery, ensuring direct cerebral tissues perfusion, has a low
peripheral resistance. In the external carotid artery, ensuring
principally soft head tissues perfusion, the blood flow is described by a
high peripheral resistance. The blood flow in the common carotid
artery is characterized by a mean peripheral resistance. The PVR value
models dopplerogram, sizes up magnitudes of telediastolic flow
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velocity and determines the nature of the audible signal. In this regard,
it is in internal carotid arteries that hemodynamic parameter is
appropriate to evaluate [2,16,17].

In estimating dopplerographic curves for arteries with a low
peripheral vascular resistance the following peaks can be distinguished
on a pulsed wave curve: 1-systolic peak: corresponds to a blood peak
flow within the ejection period; 2-catacrotic wave: corresponds to the
entry in the period of relaxation; 3-dicrotic wave: characterizes the
closing period of the aortic valve; 4-diastolic phase: corresponds to
ventricular diastole phase [13,16-18].

Patients with consequences of traumatic brain injuries
demonstrated paradoxical (abnormal) vascular response that can be
represented in 2 types:

- type 1-increase of peak systolic velocity of blood flow up to 12%
on the average in the internal carotid artery in response to
hypercapnia, with no decrease of blood flow velocity in the next phase
of hypocapnia, with a parallel decrease of peripheral resistance index
(RI) (Figure 1).

- type 2-paradoxical vascular response to hypercapnia in terms of
decrease of velocity or its delayed increase with a further velocity gain
in response to hypocapnia with a parallel increase of peripheral
resistance index (RI), presumably related to a malfunction of
vasomotor mechanisms of peripheral minute vessels (Figure 2).

Y e hd

Normocapnia Hypercapnia Hypocapnia

Figure 1: Variant of cerebral vessels reactivity malfunction in
patients with consequences of traumatic brain injuries (type 1).

Hypercapnia

Normocapnia Hypocapnia

Figure 2: Variant of cerebral vessels reactivity malfunction in
patients with consequences of traumatic brain injuries (type 2).

After the hypercapnia a transient increase of the blood flow owing
to the compensatory vasodilatation was registered in the patients of
the control group. The above can be used as an indicator of
autoregulation. Temporary hyperemic response in carotid system
vessels, manifesting as a short-term LVF increase, allows calculating

the index, characterizing the vasodilatation in response to a transient
decrease of perfusion pressure.

Whereas comparing to the control group changes were detected in
the form of vicarious increase of LVF in response to hypercapnia, and
the further LVF decrease in response to hypocapnia, during the
hypercapnic and hypocapnic tests (Figure 3).

The Figure 3 demonstrates dopplerograms of the blood flow from
the internal carotid artery during the hypercapnic and hypocapnic
tests in the patients of the control group. The figure makes visible the
increase of peak systolic velocity of blood flow in the internal carotid
artery up to 28.6% in response to hypercapnia. This effect conforms to
a sufficient functional (perfusion) reserve of cerebral circulation. The
decrease of peripheral resistance in the brain under the influence of
CO2 manifested as the decrease of peripheral resistance index in the
internal carotid artery.

N
Hypercapnia

Normocapnia Hypocapnia

Figure 3: LVF dynamics during the hypercapnic and hypocapnic
tests in the patients of the control group.

During the research by Doppler ultrasonography with the
hypercapnic and hypocapnic tests the following changes were
identified in the control group: the increase of LVF after the
hypercapnic test to 48.8%, the increase of LVF after the hypocapnic
test to 27.5% (Figure 1). The coefficient of overshoot (CO) was 1.31 +
0.03. The normal meaning of the coefficient of overshoot is 1.24 to
1.54; the reduction under 1.2 indicates hyporesponsiveness. The
meaning of the coefficient equaling 1.00 indicates areactivity [2,16,19].

During the research by Doppler ultrasonography with the
hypercapnic and hypocapnic tests in patients with consequences of
mild traumatic brain injuries the CO of 1.13 + 0.04 (p<0.01) was
identified. The increase of LVF after the hypercapnic test to 28.7% was
observed, while after the hypocapnic test, the LVF showed an increase
of 36.8%. Under the hypercapnic load in patients with consequences of
mild traumatic brain injuries the coefficient of reactivity was lower
than that of the patients in the control group (0.34 + 0.07 and 0.46 +
0.03 RVU respectively, p<0.0001).

Under the hypocapnic load in patients with consequences of mild
traumatic brain injuries the coefficient of reactivity was lower than
that of healthy subjects (0.44 + 0.07 and 0.55 + 0.04 RVU respectively,
p<0.0001). The index of vasomotor reactivity in patients with TBI
consequences was lower, than that of the control group (73.1 + 0.05
and 97.3 + 0.02 respectively, p<0.0001).

The findings are illustrated in Figure 4.
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Figure 4: Correlation of hemodynamic indicators in patients with
consequences of traumatic brain injuries and in healthy subjects.

A slight blood flow asymmetry was identified, increasing during
hyper- and hypocapnia. The patients with consequences of mild

traumatic brain injuries showed an anticipated atherosclerotic cerebral
vascular disease, in the form of hemodynamically irrelevant
atherosclerotic plaques. A slight blood flow asymmetry was observed,
increasing during hyper- and hypocapnic tests. The increase of the
contralateral blood flow was shown dependent on the injury in the
mild TBI patients. A paradoxical vascular response of the common
carotid artery basin was disclosed in terms of poor or delayed vascular
response to hypercapnia (the increase of the LVF is naturally present)
and the high and / or delayed vascular response to hypercapnia (the
decrease of the LVF is naturally present) (Figure 2). In addition to the
above in 52 out of 65 patients a delayed vascular response to
hypercapnic and/or hypocapnic tests has been present (Figure 2). The
increase of PI up to 1.73 + 0.02; and the increase of RI up to 0.97 +
0.02 were present in all the patients in the survey sample with
consequences of traumatic brain injuries, which in turn implies liquor
hypertension syndrome.

The findings are illustrated in Table 1.

Patients with consequences of | Control group (n=30) M+ m
mild traumatic brain injuries
(n=65) M m

Pulsation index 1.73 £ 0.02*** 0.84 £ 0.02

Peripheral resistance index 0.97 + 0.02** 0.73 £ 0.05

Coefficient of overshoot 1.13 £ 0.04*** 1.31£0.03

Coefficient of reactivity during the hypercapnia 0.34 £ 0.05** 0.46 £ 0.03

Coefficient of reactivity during the hypocapnia 0.44 £ 0.07** 0.55 + 0.04

Index of vasomotor reactivity 73.1 £ 0.05*** 97.3 £0.02

Table 1: Characteristics of indicators of vascular hemodynamics in the internal carotid artery basin in the patients with consequences of mild

traumatic brain injuries. *-p<0.05; ** -p<0.01;***-p<0.001.

Further, regularity has been revealed, consisting in more significant
cerebral vessels reactivity on the opposite side of the injury, eventually
coming of a contrecoup.

Malfunction of reactivity of vessels towards the decrease of
indicators of the LVF is present in all the patients with consequences
of traumatic brain injuries. A paradoxical cerebral vascular response
was evident as a delayed response to the tests as carried out. The above
response was accompanied by the increase of the LVF after the
hypercapnic test to 28.7% (48.8% in the control group) and by the
increase of the LVF after the hypocapnic test to 36.8% (27.5% in the
control group). A delayed vascular response to hypercapnic and/or
hypocapnic tests results, in our opinion, from reduced vessel wall
elasticity on the back of microstructural damage of vessel walls and in
the wake of anticipated atherosclerotic vascular disease. Such a
response also exhibits a longstanding angiospasm. Liquor
hypertension syndrome in such patients is, according to our
reckoning, secondary and generates from a longtime vasospasm.

Conclusions

Impaired cerebral autoregulation and disturbed reactivity of vessels
are evidenced in the patients with consequences of mild traumatic

brain injuries in terms of decrease of linear velocity of blood flow and
of increase of resistance indexes (PI and RI).

A paradoxical vascular response, arising for TBI patients, in our
opinion, is related to reduced vessel wall elasticity on the back of
microstructural damage of vessel walls in the wake of anticipated
atherosclerotic vascular disease. The above response also exhibits a
longstanding angiospasm.
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