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1. INTRODUCTION

The potential of near infrared spectroscopy (NIRS) as a non invasive tissue oxy-
genation monitor was first outlined by J8bsis (J&bsis, 1977). Extension of the basic tech-
nique to measure tissue blood flow using a Fick technique was developed by Edwards and
Reynolds (Edwards et al., 1988; Edwards et al.. 1993). This uses a rapid change in arterial
oxyhaemoglobin concentration to act as an intravascular tracer, avoiding the problem of
recirculation of indicator.
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This technique has been successfully validated against **Xenon clearance for the
measurement of cerebral blood flow (CBF) at flows upto 40 ml 100 g” min™' in neonates
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(Skov et al., 1991: Bucher et al., 1993), and against venous occlusion plethysmography in
the adult forearm (Edwards et al.. 1993),

In the last few years there has been increasing interest in the use of NIRS to monitor
adult cerebral haemodynamics (Kirkpatrick et al., 1995: Mason et al., 1994; Villringer et
al., 1993); Elwell et al., 1992; Owen-Reece et al.. 1996). A major problem with the CBF
technique is that with the induction of mild hypoxia, oscillation in arterial saturation and
HbO, have been reported (Elwell et al., 1992). The finding that the dominant frequency of
a fast fourier transform of both arterial saturation and HbO, were very strongly correlated
with the breathing rate strongly suggested that these oscillations were of a respiratory na-
ture (Elwell et al., 1994a).

The most likely explanation for the respiratory “artifact” was that the intrathoracic
pressure changes during respiration were causing cyclical changes in cardiac output and
that these were responsible for the oscillations in HbO,. Elwell and colleagues have dem-
onstrated that oscillations in HbO, occur whilst breathing room air, and that the magnitude
of these oscillations increases with expiratory loading (Elwell et al., 1994b; Elwell et al.,
1996). It was hypothesized that expiratory loading decreases the venous return and hence
cardiac output during the respiratory cyele. However, the magnitude of the changes in car-
diac output would be very unlikely to be sufficient to explain the changes in arterial satu-
ration. Oscillations of the arterial partial pressure were first observed 50 years ago by
Bjurstead. Consideration of the composition of gas within an alveolus would suggest that
it should oscillate at the same frequency as respiration, due (o the intermittent nature of
gas flow, and this has been amply confirmed by studies of Yokota, Kreuzer and others
during the 1970°s (Yokota et al., 1973; (Yokota & Kreuzer, [973; Folgering et al., [978).

The measurement of CBF varies if the rise of HbO, and SpO, do not begin at the
same time (Elwell et al., 1992). For example, a one second offset between HbO, and SpQ,
can change the measured CBF by 70%. Clearly if SpO, is oscillating determining the cor-
rect temporal relationship to HbO, can be difficult, and this may partially explain the pre-
viously high reported coefficient of variation of this technigue.

Our model was developed to test the hypothesis that changes in ventilatory parame-
ters might play a major role in the oscillations seen in arterial saturation.

2. THE MODEL

We have derived a two compartmental model. One compartment representing the
dead space of the respiratory tract, in which gas mixing but no uptake of oxygen to the
blood occurs, and the other representing the alveoli in which gas mixing and oxygen up-
take occurs. The model assumes complete, and immediate, mixing of gas within each
compartment.

The alveolar volume oscillates in a sinusoidal manner around the mean alveolar vol-
ume. During expiration, the volume of the alveolar compartment (V,)is given by

v, AN v, !
I{,(r):FRC+—;—+cos = -—-—zFRC+7— 1+cos| —
k 2

(2)

where k, is a term used to set the inspiratory to expiratory ratio and respiratory rate, de-
fined in Eq. 8 and 9 below. If a short time (5t) passes then the change in volume of the al-
veolar compartment (3V) is given by
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OV =V, (1)-V,(1r+8f) (3)

substituting Eq. 2 in Eq. 3 yields

oV = % [cos(«f:»—) - Cos[f-kbﬁf ]}
2 |k I, 0

The fractional concentration of oxygen in the alveol: (F,O,(1)) will vary with time.
Since no oxygen is added but oxygen consumption continues during expiration.

F,0,(1)- ¥, ()= vo,
V,r(f) {

F,0y(t+31) =

LA
—

During expiration gas leaves the alveoli and enter the dead space, and an equal vol-
ume of gas is lost to the atmosphere from the dead space. If complete mixing of gas occurs
then the fractional concentration of oxygen in the dead space (F0,(t)} is given by

F0.(1)- ¥, =1 F,0, = F,0,(1)}-8V

Vo (6)

FrOu(t+81) =

BDuring inspiration the volume of the alveolar compartment (V) is given by

v
¥, (1) = FRC+-—L+cos L
' 2 k. 2

(n(kz—l)mn(k,ml)w“] v

2

v Tk, =k )+1
= FRC+7T- | +COS(M-(-—21—)

- (7)
where k, and k, are terms used to set the inspiratory to expiratory ratio and respiratory rate

such that the duration of one breath is 2n(k,+k,) seconds and the inspiratory to expiratory
ratio is given by

inspiratory to expiratory ratio = —=
/C, (8)
~and
30
by, = .
" w(breaths per minute) (9)

I a short time (&t) passes then during inspiration the change in volume of the alveo-
lar compartment (8V) is given by substituting Eq. 7 in Eq. 3




632 A.T. Lovell er af.

(10)

During inspiration gas passes from the dead space into the alveoli and an equal vol-
ume of gas enter the dead space with a fractional concentration of oxygen of FO,. If the
gas entering the alveoli from the dead space and that entering the dead space is immedi-
ately mixed then

Fi0y(1)- I’T;(’)"'FDO:([)'BV_;’DJ
V(1) (11)

F.JOZ(H'&) =

F0,(t)- ¥, +{F,0, — F,0,(1)} -8V
Fo0,(1+80) = 200 Vo £ 1710: ~ F,0,(0)

"y (12)

The model first solves Eq. § and 9 to yield k, and k,. If the transition from inspira-
tion to expiration is taken as t=0 then F,0,(0) can be calculated using the alveolar gas
equation and F,0,(0) can be approximated by F,0,.

Because of the need to be able to produce an asymetrical “sine” wave the use of two
separate waves was chosen. However, implicit with this technique is the fact that in order
to synthesize a repeating waveform the value of t used in Eq. 2 and 7 must be set to zero
on each transition from inspiration to expiration.

Conversion from alveolar oxygen concentration to arterial saturation is performed
using the method of Farmery and Roe (Farmery & Roe, 1996) assuming complete equili-
bration of the mixed pulmonary venous blood with the alveoli and no diffusion barrier to
oxygenation.

3. RESULTS

The results of a typical desaturation - resaturation run, for a 70 kg male, are shown
in Figure 1. It is very clear that the magnitude of the oscillation increases as the arterial
saturation falls, and that the magnitude of the oscillation is influenced by the tidal volume.
The link between respiratory frequency and oscillatory frequency is clear. The shape of
the saturation-time curve appears identical to that seen in clinical practice. Formal com-
parison with experimental measurements is in progress. The influence of the patient’s
oxygen consumption {VO,) and alveolar volume (V,) are shown in Figure 2. The impor-
tance of minimizing the reduction in FRC during anaesthesia is clearly shown. The effects
of prolongation of the inspiratory to expiratory (I:E) time at ditfering values for VO, are
shown in Table 1. The effects of even relatively small changes of the L:E ratio is quite
marked at high VO,. This effect is magnified by the use of larger tidal volumes. However,
if small tidal volumes are used and the patient has a lower than normal VO,, the effect of
changes in I:E ratio can probably be ignored.

The effects of signal averaging upon the peak to peak magnitude of the oscillations
in arterial saturation is shown in Table 2. It is clear that applying a moving average
smoothing function can reduce the magnitude of these oscillations, but this also introduces
a phase delay between the oscillation in the arterial signal and that actually measured.
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Figure 1. Computer predicted SpO, against time. V, 2500 ml. VO, 250 ml min™. FO, 0.12. At 90 seconds 3
breaths of 100% O, were delivered. Top panel V, 1000. 10 breaths min™'. Bottom Panel V., 500. 20 breaths min™'.

This time offset must be taken account of when performing measurments of CBF. In prac-
tice the effects of signal averaging will be to dramatically reduce the number of time
points as well. This may further reduce the magnitude of the oscillations since the peaks
and troughs would be unlikely to fall precisely at either end of one of the time periods.
Given that the current generation of commercially available NIRS instruments have a
maximum sampling rate of 2 Hz it is not surprising that these oscillations have not been

consistently observed.
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Figure 2. Effects of changes in alveolar volume (V,} and minute oxygen consumption {VO,) on the peak to peak
magnitude of oscillation of the computer predicted arterial saturation when desaturated to a mean arterial satura-

tion of 90%. V; 500 m! 14 breaths min’! ViV, 0.3,
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Table 1. Effects ol changes in inspiratory:expiratory (I:E) ratio and
minute oxygen consumption (VO,) on the peak to peak magnitude of
oscillation of the computer predicted arterial saturation. Mean predicted
arterial saturation 90%, V. 500 ml 14 breaths min™ Vy/V, 0.3

VO, (ml min"y

I: E Ratio (0 150 200 250 300 400
4] 35 .53 72 81 P10 1.50
301 .38 37 77 99 .18 .6l
10 42 .64 86 1.09 1.32 [.80
] 52 .78 [.06 1.34 1.63 2.21
l:2 .63 .93 1.28 1.6l 1.96 2.62
1:3 .69 1.04 1.39 1.76 2.14 2.90
-4 72 1.09 1.47 .83 225 3.06

4. DISCUSSION

Osciltations in arterial saturation are likely to be a universal finding in adults sub-
Jected to a desaturation manoeuver. The magnitude of these oscillations increases dramati-
cally as the saturation falls. At first sight this seems to be a contradiction with the work of
Kreuzer and his colleagues (Folgering et al., 1978) who reported a much larger value for
APaQ, at high values for PaQ, than at low values. However, once it is realized that at the
high values for Pa0, used in their study the oxygen dissociation curve is flat, then it is
clear that the saturation change would be very small. Previous studies (Nye, 1970) using a
two compartment model under normoxic condttions have observed oscillations in alveolar
PO, which changes with changes in the respiratory pattern. Because these studies were
only conducted under normoxic conditions where the oxygen dissociation curve is essen-
tially ftat the equivalent change in arterial saturation was only 0.5% despite a 10 mmFg
change in PO,.

It is possible to dramatically reduce the magnitude of these osciliations by minimiz-
ing the tidal volume (V) used. However, reductions in the V. limit the rate of rise of al-
veolar oxygen concentration and hence arterial saturation following exposure to 100%

Table 2. Effects of applying moving average smoothing to the peak to
peak magnitude of the oscillations in the predicled arterial saturation,
Mean predicted arterial saturation 90%. Simulations performed for a

typical 70 kg person. Minute ventilation 7 I min™, V, 2500 ml
VO, 250 ml min™ ViV, 0.3

Tidal volume (mb

Duration ol moving average (sec) 500 750 10440
Raw darta t.ol 2.27 3.29
0.25 1.59 225 3.28
.50 1.32 120 324
.75 . 242 318
1.00 .35 2.04 310
1.50 115 1.56 293

2.00 0.95 1.65 2,73
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oxygen. It is important that this rate of rise is as fast as possible in order to maximize the
input of tracer, oxyhaemoglobin, to the brain. An allernative strategy to minimize these
oscillations is to maximize the alveolar volume (V,), or minimize the VO,. Under anaes-
thesia V, generally falls by 20-30% from the awake value, although there are methods,
such as the addition of PEEP, that can be applied to reduce this. The VO, generally falls
under anaesthesia since active movement, the prime consumer of oxygen, generally
ceases. 1t is possible to further reduce the VO, by the use of mechanical ventilation. The
most likely explanation for the effects of changes in V,and V, is that the smaller the
ViV, ratio the smaller the proportion of alveolar gas that is exchanged each breath, and
therefore the greater the ability for the alveolar gas 1o act as a bufTer.

The other strategy for minimizing oscillation in arterial saturation is prolongation of
the duration of active inspiration. With mechanical ventilation of patients this is fairly
simple to achieve, but is all but impossible in conscious volunteers. The explanation be-
hind the changes in oscillation with changes in the I:E ratio and VO, is that during expira-
tion oxygen is being consumed from the alveolar gas, but is not being replaced. The
cyclical nadir in P, O, will be reached early in inspiration when gas that had resided in the
dead space at the end of expiration reenters the alveoli. Thus the greater the proportion of
the respiratory cycle spent in expiration, or the higher the VO,, the greater the difference
in oxygen concentration in the alveolar gas at the nadir compared to the end of inspiration.
In this context, the addilion of an inspiratory pause will lead to an increase in oscillation
assuming complete and uniform equilibration of gas in the alveoli. This is because no fur-
ther oxygen is delivered to the alveoli during this pause, but consumption is already pro-
ceeding.

The effects of the signal averaging built into many pulse oximeters is (o markedly
reduce the magnitude of these oscillations and to cause a considerable change in their
phase angle compared to the true saturation of arterial blood. The averaging built in Lo the
current generation of NIRS instruments when operated at their maximum capture rates
causes only a very small reduction in magnitude of the oscillation.

Under anaesthesia it is often possible to selecl ventilatory paramelers which mini-
mize the introduction of respiratory “artifacts” on NIRS signals and thus facilitate the use
of dynamic NIRS techniques. Furthermore this model suggests that there maybe catego-
ries of patients, such as those with a high VO, and low V, where the oxygen CBF tech-
nique may be impractical due to respiratory artifacts.

It is possible to criticize the assumptions of our model on several grounds. The use
of a two compartmenial model is an oversimplification. Although there are millions of al-
veoli, in health they should all exchange oxygen in a relatively similar manner. [t is possi-
ble to expand the dead space compartment into multiple smaller compartments, but if this
approach is taken then very careful consideration has to be given to the partitioning of gas
between these sub-compariments.

The assumption of continuous pulmonary blood flow was made to facilitate simplifi-
cation of the model. In reality the pulmonary blood flow is pulsatile and will thus apply a
convolution function to the arterial saturation signal. The currently commercially avail-
able NIRS instruments have a maximum sampling rate of 2 Hz. From Nyquist’s theorem
the maximum observed frequency of any convolution function is thus | Hz, which equates
to a heart rate of 60 min™. Thus in clinical practice with the currently available devices the
effect of the convolution will generally not be direcily observable as an oscillating signal.
Yokota and Kreuzer have shown that the effect of pulsatile blood flow is to cause a damp-
ing of the arterial oscillations (Yokota & Kreuzer, 1973). This is predominantly due to
mixing within the lefi ventricle, with very little difference from aorta to the carotid (Fol-
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gering et al., 1978), or more distally in the arterial tree (Yokota & Kreuzer, 1973). Typi-
cally this damping leads to a reduction by approximately 50% of the oscillation seen in the
left atrium, and predicted by our model. Furthermore, as the ratio of ventilation rate to
heart rate decreases the attenuation of the oscillation decreases.

The 1dea that perfect equilibrium of end capillary blood with alveolar gas may seem
at first sight extremely optimistic. However, in health blood traveling through the pulmo-
nary capillaries is fully saturated by the time it has spent a third of its residence time. Thus
there is a very considerable reserve before diffusion limitation for oxygenation will occur,
In pathological states or circumstances with a very rapid pulmonary blood flow, such as
exercise, this may not be true. The finding of a very strong correlation between fluctua-
tions in end capillary and arterial saturations, although at reduced magnitude, supports this
(Yokota & Kreuzer, 1973).

Gas flow, even in health, is vsually turbulent which shouid produce near perfect
mixing. However, if there are regions of the lungs with unequal time constants, such as in
asthma, or very low gas flow rates are used, then this may not be true. Thus assuming
complete and immediate mixing of gas in both compartments is probably reasonable,
However, if the dead space compartment was further partitioned the exact location of the
sub-compartments would have to determine whether this assumption could remain, ar
whether laminar flow considerations should be introduced.

We have assumed that the induction of hypoxia does not lead to an increase in total
oxygen consumption (VO,). If the VO, changes as hypoxia is induced then the rate that
the alveolar oxygen reservoir is depleted during the expiratory and early inspiratory phase
of each respiratory cycle will change. Over the range of saturations that the model has
been designed to cope with this should be a reasonable approximation. The hypoxia
chemoreceptors usually remain relatively silent until an arterial saturation well below
90%.

It is known that the dead space changes with fung volume. However, whether Vi/V,
remains constant throughout the respiratory cycle is less clear. In the extreme circum-
stance when the deflating lung approaches its residual volume (RV) during expiration this
is clearly untrue. However, even allowing for the reductions in FRC that are known to oc-
cur during anaesthesia, alveolar volume is usually maintained well above RV,

5. CONCLUSIONS

In order to minimize the induction of respiratory “‘artifacts” when performing CBF
NIRS studies using the oxygen method, care should be taken to use as high a baseline ar-
lerial saturation as possible. It is however inevitable that this limits the magnitude of the
“tracer” input, and may lead to a rise in the signal to noise ratio. Attempis at minimizing
the arterial oscillations by manipulation of either V;or V involve an inevitable compro-
mise if the oxygen CBF method is used. This is because of the fundamental requirement
of the oxygen CBF technique for a rapid rise in arterial saturation which necessitates a
high V.:V, ratio and directly conflicts with the requirements to minimize baseline arterial
oscillations, namely a low V1V, ratio. Prolongation of the duration of active inspiration,
although effective is currently only possible with a small number of anaesthetic ventila-
tors, and is impossible in the spontaneously breathing patient. Minimization of the pa-
tient’s oxygen conswmption, in order to minimize the oxygen consumption during the
expiratory phase whilst making perfect logical sense, is only rarely amenable to manipula-
lion. ’
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Minimization of the induction of these respiratory “artifacts” in order to facilitate
the measurement of CBF thus requires a carefully weighted compromise over the choice
of respiratory parameters. Some clinical circumstances may preclude manipulation of
some of the respiratory variables, and the resultant oscillation in the baseline arterial satu-
ration may be such as to preclude the use of the oxygen CBF technique. For these patients
other methods of measuring CBF will have to be applied.
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Appendix. Definition of variables and their units

Variable

Definition

Units

CBF
Dl
F:\Ol
Fo0,
F,O,
FRC
AHb

Cerebral blood flow

Cerebral tissue density

Fractional afveolar oxygen concentration
Fractional dead space oxyuen concentration
Fractional inspired oxygen concentration
Functional residual capacity of the lungs

Change in cerebral deoxyhaemoglobin concentration
Change in cerebral oxyhaemoglobin concentration
Inspiratory to expiratory ratio

Expiratory time lactor

Inspiratory time factor

Molecular weight of haemoglobin

Arterial saturation

Time

Tissue haemoglobin concentration

Alveolar volume

Dead space volume

Tidal volume

Minute oxygen consumpltion

.1 ot
ml 1002 min
1 m)!

U

litres
pmol fitre™
umol litee™

g

q 0

sec

gdl!
litres
litres
litres
litres sec”




