Abstract

We propose an electrical model to describe the hemodynamic changes induced by a venous occlusion in a human
limb. To test the model, we have performed NIRS measurements on the human forearm, specifically on the
brachioradialis muscle, during venous occlusion induced by a pneumatic cuﬁ” inflated around the upper arm to

pressures within the range 5-60 mmHg We have found a good li between p
d by NIRS (total h ncentration and h ) and the di model
itor voltage and b h current). These results indicate that this electrical model can

be a valuable analytical tool to characterize, optimize, and further develop diagnostic measurement schemes that
use venous occlusion approaches.
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Results

Protocol 1: Hemodynamic response to venous occlusion

The first protocol consisted of an initial baseline acquisition (about two minutes)
and the repetition for five times of the following set of procedures: (1) fast cuff
inflation to 60 mmHg (inflation rate: ~20 mmHg/s), (2) maintaining the cuff
pressure at 60 mmHg for 40 s, (3) fast deflation of the cuff (deflation rate:
~30 mmHg/s), and (4) maintaining the cuff deflated for 30 s. A cuff pressure
value of 60 mmHg achieves venous occlusion in the upper arm.

Protocol 2: Effect of cuff pressure

The second protocol consisted of a few minutes of baseline acquisition and
the repetition of the following four steps for 11 different values of cuff
pressure: (1) fast cuff inflation (~20 mmHg/s) to a given pressure value,
(2) maintaining the cuff pressure for 3-5 min until the THC reached steady
state (which typically occurred after ~2-3 min), and (3) quickly deflate the
cuff (typically over 1-2 s). The cuff was inflated to a different value for each
of the 11 repetitions of the above steps, with a range of values of

Discussion

Protocol 1: Hemodynamic response to venous occlusion

The experimental data of <THC> is compared with the predictions of the model for the
cases of “small” Vey (i.c. Vext < Verit) and “large” Ve (i.€. Verit <Vext < Va—V3). For this
comparison, we have used the expressions for vc(f) that are reported in Tables 1 and 2.
The capacitor voltage vc is proportional to the capacitor charge, which describes the
blood volume in this model. While both cases are able to describe the increase in blood
volume during the time when the cuff is inflated, the fast decay toward baseline of
<THC> after the cuff deflation (relative to the slower pressure-induced increase in
<THC>) is only described by the case of “large” Vy. This result indicates that the value
of Vexe = 60 mmHg is greater than V. The theoretical lines in Fig. 5 have been obtained
by adjusting the model parameters to obtain a good agreement between the experimental
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py (NIRS) is a i i 1 for the and study of
tissue. The absorpuon of near-infrared light in tissue is mainly due to hemoglobin in its oxygenated (HbO,) and
deoxygenated (Hb) forms. Spectral measurements allow for the separate determination of the concemrauom of =
these two species ([HbO,] and [Hb]) in tissue, which lead to the total I lobil (= s
(THC = [HbO,] + [Hb]) and hemoglobin saturation (StO, = [HbO,]/THC). THC and StO, are indicative of the o © 10 50 2 Bl 2 " o 0
balance between the local blood flow, blood volume, and oxygen utilization rate, which are relevant physiological w0)
and metabolic parameters.

Reported i ions of the of the forearm and calf muscles using NIRS indicated that when
the pressure reached a threshold value (about 30mmHg) the venous outflow was hindered and when it reached a
critical value (between 30 and 45 mmHg) the complete occlusion occurred. Further, if the pressure increased from
30 mmHg to 45 mmHg in less than 6 seconds the blood flow and oxygen consumption were independent of the

Protocol 2: Effect of cuff pressure

The pressure of cuff inflation was varied for each repetition and kept for a sufficiently
long time to allow the THC to reach steady state. The steady state values of ATHC and
AStO; are predlcled by the model to be linearly dependent on the cuff pressure. In fact,

and 8- !
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after defining A=

, the limiting expressions for steady state (ss)

ve (which models THC) and i, (wluch models St0,) during occlusion are given by
(s5) (ss) _
Ve

V4~ ARy + BRqVext» and i) = A~ BV, respectively. Fig. 7(a) and 7(b) report the
experimental results for the dependencies of <ATHC> and <AS(O,> (averaged across all
subjects). The lincar dependence of the limiting values of vc and 7, as a function of
external voltage, as well as the fact that the slope of vc is positive and the slope of i, is
negative, are consistent with the experimental dependencies of <ATHC> and <AStO;> on

Fig. 3: Hemodynamic response to venous occlusion The dashed lines represent the
cuff pressure applied to the subject’s upper arm. The continuous lines are the THC
measured on the subject’s forearm (brachioradial muscle).
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Fig. 6: Effect of cuff pressure on the same subject as above. The dashed

Sryman Subject 4 lines represent the cuff pressure applied to the subject’s upper arm. The
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Protocol 2: Average across all subjects
Fig. 1: Electrical model 30
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Verie SVexe < Vo =V, dTHCN( ) = (V, =V,) /IR, + R,)C]. Because of the continuity of vc as

The prop 1 electrical model for the hemodynamic changes a function of Vey, when Ve assumes the value of Ve the expressions for aTHC/di(t]) in
- - induced by venous occlusion. The voltage sources V, V,, and stz et the two cases coincide. Fig. 7(c) shows the values of blood flow (BF) computed from the
ext ””)d”{ e afterml VG, G “f‘/f" Eues pesectiely) b e =" experimental data using the equation BF =TSl where K is the concentration of
A N whereas i, and i, represent the arterial and venous blood flow, &3 &0 Kodt e
= _ respectively. The vascular resistance is modeled by resistors R = 3 gv hemoglobin in blood for which we have assumed a typical value of 2.3 mM, and we have
and R,, while the effects of vascular compliance and [‘api[/ur:* 352 g 76 10 used the maximum time derivative of THC during the first 10's of occlusion. The
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ATHC (panel (a)), a linear decrease in AStO, (panel (b)), and a biphasic
behavior of the early slope of THC that linearly increases at low pressures while
it becomes a constant at higher pressures (panel (c)).

Measurement protocols

Six healthy human subjects participated in the experiments, three males and three females, 35 years of average age
(range: 26-52 years; standard deviation: 9.3 years). All six subjects performed both protocols described below. The
first protocol, aimed at studying the temporal features of the hemodynamic changes in the forearm in response to a
60 mmHg cuff pressure to the upper arm, was performed to validate the model predictions for the time dependence of
blood volume. The secontNprotocol, involving the applicifion of increasing cuffpressure values, was performed to
validate the model predictions for the dependence on the cuff pressure of (1) the asymptotic changes in THC and
StO,, and (2) the initial rate of increase of THC.

Fig. 5: Average across all six subjects of the temporal response of total
hemoglobin concentration (THC) to venous occlusion. The symbols represent
the experimental data, the dashed line represents the one-time-constant
model (“small” V,,, where diode D is always conducting), and the solid line
represents the two-time-constant model (“large” V,,,
conducting during the initial period of occlusion).

where diode D is non-



