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METHODS OF DIAGNOSIS USING PULSE 
VOLUME MEASUREMENT 

FIELD OF THE INVENTION 

[0001] The present invention is directed to methods of 
diagnosis using pulse volume measurement and more par 
ticularly to diagnostic methods Which expand the utility of 
pulse volume measurement. 

DESCRIPTION OF RELATED ART 

[0002] The measurement of peripheral blood How is 
important in medicine, since there are many speci?c dis 
eases in Which peripheral blood How is impaired, e.g., 
diabetes and atherosclerosis. Also, the peripheral blood How 
is altered as the total cardiac output is increased or 
decreased. Cardiac output is particularly important in 
patients Who are under anesthesia, are in the post-operative 
state, or are critically ill or unstable. As blood ?oW from the 
heart falls, the peripheral blood How is dramatically reduced 
to preserve How to the brain and vital organs. 

[0003] Blood How to an extremity can be measured pains 
takingly and invasively by dissecting out the main blood 
vessels to the limb (e.g., brachial artery in an arm) and 
encircling it With an electromagnetic ?oW probe. That is 
clearly not a technique suitable for clinical use. It is there 
fore desired to measure peripheral blood ?oW non-inva 
sively. 
[0004] Peripheral impedance (or conductance) plethys 
mography is a technique for non-invasively measuring 
peripheral pulse volume, Which is the small change in the 
volume of a limb segment occurring Within the cardiac 
cycle. Peripheral blood ?oW or peripheral perfusion are 
closely related to the pulse volume. The technique Works by 
obtaining a raW pulse volume analog signal and applying a 
selective signal-averaging algorithm to the raW pulse vol 
ume signal. The technique is described in US. Pat. No. 
4,548,211 to Marks. 

[0005] In the technique as currently practiced, the raW 
pulse volume analog signal is obtained by measuring the 
electrical impedance (or conductance) of a limb segment 
With an electrode such as that of FIG. 1. The electrode 102 
is made of a ?exible material 104, so that it can be Wrapped 
around the limb segment. The ?exible material is con?gured 
to de?ne a connecting portion or member 106, Which is 
insulated from direct electrical contact With the patient, and 
tWo members 108 for being Wrapped around or otherWise 
applied to the limb segment. Each of the tWo members 108 
contains an outer current electrode 110 paired With an inner 
voltage electrode 112. An electrical connector 114 alloWs the 
outer current electrodes 110 and the inner voltage electrodes 
112 to be connected to a source of current and a voltage 

measuring device, respectively. 
[0006] An alternating current on the order of 1 ma ampli 
tude and 40 kHZ frequency is applied to the tWo outer 
current electrodes, While the inner voltage electrodes are 
used to measure the voltage resulting from the applied 
current. The ratio of the amplitude of the voltage Waveform 
to the amplitude of the current Waveform is the limb 
impedance, Z. Measurements of Z over time provide the 
baseline impedance ZO of the limb segment and the pulsatile 
change AZ of the impedance. Knowing the resistivity p of 
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the blood and the distance L betWeen the tWo inner voltage 
electrodes, the change in volume AV can be calculated as: 

AV=pL2AZ/ZO. 
The resistivity p is either calculated or approximated from 
the patient’s hematocrit. The distance L has traditionally 
been measured With a measuring device, such as a ruler, and 
then the value of L has been manually input into the device 
Which performs the calculations. 

[0007] An improvement to the device of the Marks patent 
is described in US. patent application Ser. No. 10/392,308 
by Smith et al, ?led Mar. 20, 2003, entitled “Peripheral 
Impedance Plethysmography With Detection of Electrode 
Spacing.” That improvement provides an automatic deter 
mination and input of the inter-electrode spacing L. HoW 
ever, no additional uses for peripheral impedance plethys 
mography are described in that application. 

SUMMARY OF THE INVENTION 

[0008] It Will be readily apparent from the above that a 
need exists in the art to extend the use of plethysmography 
to diagnose more conditions. To that end, the present inven 
tion is directed to varied techniques using plethysmography 
to detect conditions that have previously not been detected 
or have been detected using more complicated techniques. 
Such conditions include blood loss, septic shock, cardio 
genic shock, neonatal sepsis, patent ductus arteriosus, limb 
ischemia, intra-aortic balloon pump performance, peripheral 
vascular disease, congestive heart failure, the e?‘ectiveness 
of vasoactive medications, syncope, dehydration, pre-ec 
lampsia, deep vein thrombosis, thermal injuries, vascular 
instability due to renal dialysis, compromising circulation to 
the hand caused by radial artery harvesting, changes in 
cardiac output, and hypertension. 

[0009] Throughout the present disclosure, it Will be under 
stood that the ?rst derivative of pulse volume, dV/dt, pro 
vides the instantaneous net in?oW into the limb segment. 
The peak value of the instantaneous net in?oW Will be 
referred to as the peak net in?oW and Will be abbreviated 
PNI. Other parameters that relate to peripheral blood How 
are the area under the pulse volume curve (PV-area) and the 
pulse volume><heart rate product (PV><HR). Recitations of 
pulse volume measurements or of steps of taking pulse 
volume measurements should therefore be construed 
broadly to include any such parameters, unless speci?cally 
limited. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The preferred embodiments of the present inven 
tion are disclosed in detail With reference to the draWings, in 
Which: 

[0011] FIG. 1 shoWs a knoWn electrode con?guration for 
plethysmography; 
[0012] FIGS. 2A-2C shoW ?oW charts of the procedures 
used in the preferred embodiments; and 

[0013] FIGS. 3A-3I shoW experimental results from one 
of the preferred embodiments. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0014] Preferred embodiments are set forth in detail herein 
With reference to the draWings. First, three general proce 
dures Will be outlined. Then, their application to various uses 
Will be described in detail. 
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[0015] The most general procedure is shown in the How 
chart of FIG. 2A. Apulse volume measurement is taken once 
or more than once in step 202, using a suitable device, such 
as, for example, any of the devices disclosed in the above 
cited Marks patent and Smith et at patent application. Then, 
if required, the PNl (or PV-area OR PV><HR) is calculated 
in step 204. The condition is diagnosed in step 206. 

[0016] Some conditions, as Will be explained beloW, must 
be diagnosed in accordance With a change in time of the 
pulse volume or the PNl (or PV-area or PV><HR). In that 
case, as shoWn in FIG. 2B, the measurements are taken at 
different times in steps 208 and 210 and compared in step 
212; then the diagnosis is made in step 214. 

[0017] Still other conditions, as Well as evaluation of 
treatment and testing of neW treatments, require that mea 
surements be taken before and after treatment or the appli 
cation of some stimulus to the patient. As shoWn in FIG. 2C, 
the measurements are taken in steps 208 and 210 before and 
after treatment or the application of stimulus in step 216. 
Then, the comparison of step 212 and the diagnosis or 
evaluation of step 214 are carried out. 

[0018] The techniques just described can be performed 
With a knoWn plethysmography device, such as those dis 
closed in the above-cited Marks patent and Smith et al patent 
application. Altemately, the device can be adapted to a 
particular technique; for example, in the neonatal embodi 
ments to be disclosed beloW, the electrode is adapted for use 
on a neWbom. 

[0019] NoW, the application of the foregoing broadly 
disclosed techniques to the various conditions to be diag 
nosed or evaluated Will be described in detail. 

[0020] 1. Detection and treatment of blood loss: The pulse 
volume monitor has been shoWn to be sensitive to changes 
in peripheral vascular ?oW secondary to blood loss. It is used 
in the operating room to detect occult blood loss because the 
quanti?cation of visible blood loss is traditionally dif?cult. 
Baseline pulse volume measurements are made prior to 
starting surgery, and drops in pulse volume are an indication 
that hypovolemia secondary to hemorrhage may have taken 
place. Similarly, blood loss is evaluated in the trauma 
patient. When the trauma patient is ?rst seen by medical 
personnel, they may have suffered signi?cant internal blood 
loss. Pulse volume measurements are taken and, based upon 
normal tables, an initial evaluation is made to determine if 
signi?cant hypovolemia is present. After initial measure 
ments are made, pulse volume is tracked to see if additional 
signi?cant blood loss results Which Would cause a further 
decrease in pulse volume. Similarly, after surgery, there is 
often occult blood loss in the post-operative period. Patients 
are monitored With the pulse volume device to see if there 
are signi?cant decreases in pulse volume Which may indi 
cate that there is occult hemorrhage postoperatively. A rare 
complication of intra-aortic balloon pumping is rupture of 
the femoral artery upon removal of a perforated blood-?lled 
balloon. This can result in occult retroperitoneal blood loss 
Which causes a decrease in pulse volume. In addition to 
detecting blood loss, the pulse volume monitor is used to 
evaluate the effectiveness of blood transfusion. As the cir 
culating blood volume returns to normal, the pulse volume 
measurements also return toWards normal. These measure 
ments, of course, must be taken in the context that other 
conditions may be present Which could affect pulse volume, 
such as cardiogenic shock. 
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[0021] 2. Septic shock is a condition Which is associated 
With cardiovascular collapse and peripheral vasodilatation. 
According to the invention, patients at risk for septic shock 
are monitored With the pulse volume device. Vascular insta 
bility can be noted With acute changes in pulse volume 
accompanying septic shock. 

[0022] 3. Cardiogenic shock: Patients Who are in cardio 
genic shock have decreased cardiac output and decreased 
peripheral vascular How. This results in decreased pulse 
volume. This is used clinically to detect cardiogenic shock 
and to evaluate the effective of treatment. With the effective 
treatment of cardiogenic shock, peripheral vascular ?oW 
returns, and pulse volume returns to normal. 

[0023] 4. Neonatal sepsis. Very loW birth Weight infants 
are at risk for infection and can develop devastating neonatal 
sepsis Which can lead to cardiovascular instability and death. 
The pulse volume device is used to monitor these high-risk 
infants. It is anticipated that large changes in pulse volume, 
either increasing or decreasing occurs When a patient 
becomes septic. 

[0024] 5. Patent ductus arteriosus: A patent ductus arte 
riosus is an abnormal condition in neWbom infants in Which 
pulse volume is increased. It is caused by the persistence of 
a vessel, the “ductus arteriosus,” Which should close shortly 
after birth. When a diagnosis of patent ductus arteriosus is 
made clinically, pulse volume measurements are made to 
determine the value of pulse volume associated With the 
presence of a patent ductus in the particular patient. The 
patient then is monitored; the pulse volume decreases When 
the ductus arteriosus closes and increases if and When it 
reopens. lndomethacin is a potent vasoconstrictor that is 
used to close the ductus arteriosus. It is desirable to use as 
small a dose as possible because of adverse effects it may 
have upon the kidney and cerebral circulation. The pulse 
volume monitor is used to evaluate and monitor the effec 
tiveness of lndomethacin treatment. Sometimes, after a 
single dose of lndomethacin, the ductus reopens. The pulse 
volume device provides an indication that the ductus arte 
riosus has reopened When the pulse volume increases. Addi 
tional doses of lndomethacin are given, usually up to a total 
of three doses, and each time, the effectiveness or lack 
thereof is evaluated by pulse volume measurement. 

[0025] 6. Limb ischemia monitoring (particularly With 
intra-aortic balloon pump use): The large catheters that are 
used for intra-aortic balloon pumping are associated With an 
approximately 3% incidence of severe limb ischemia. There 
is currently no satisfactory method for alerting the medical 
staff that limb ischemia is impending. The pulse volume 
device is used in the management of this problem. Bilateral 
loWer limb measurements are made prior to insertion of the 
balloon pump catheter. Thereafter, While the catheter is in 
position, the ratio of the pulse volume in the catheteriZed leg 
to the pulse volume in the other leg is computed. If there is 
a signi?cant decrease in this ratio, it alerts the medical staff 
to check for the possibility of limb ischemia. The device 
incorporates alarms that sound and/or ?ash if this ratio 
should decrease beloW a preset value. The pulse volume 
device is also used in limb selection for intra-aortic balloon 
pump catheter insertion. The limb With the greater pulse 
volume and/or PNl (or PV-area or PV><HR) is a better 
candidate for balloon pump catheter insertion. Limb 
ischemia can also occur in a patient Who is Wearing a cast 
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that is too tight. Pulse volume and/or PNI (or PV-area or 
PV><HR) measurements are made distal to the cast (if 
necessary on the ?ngers or toes) and compared to the 
contralateral limb. Large discrepancies may indicate that 
limb perfusion is decreased. 

[0026] 7. Intra-aortic balloon pump performance: Cur 
rently the timing of counterpulsation is someWhat of an 
“art.” It is desirable to adjust this timing to maximize cardiac 
output. Since cardiac output is closely related to peripheral 
vascular How, the pulse volume device is used to assist 
medical personal in adjusting the intra-aortic balloon pump 
parameters. Intra-aortic balloon pumps provide ?oW aug 
mentation in diastole. Diastolic ?oW augmentation may be 
quanti?ed by lining up the systolic portions of the PV curves 
measured on and oif the pump or at di?cerent pump settings. 
The area betWeen 2 such curves is directly related to the 
di?‘erence in diastolic ?oW betWeen the tWo settings. In 
short, the timing is adjusted to maximize the area betWeen 
the curves. This e?fect should be seen in both catheteriZed 
and un-catheteriZed limbs. 

[0027] Experimental results are shoWn in FIGS. 3A-3I. 

[0028] FIGS. 3A-3E shoW data taken, respectively, before 
balloon insertion, after balloon insertion but before the 
pump is started, With the pump running and the balloon in 
the left leg, during pump standby With the balloon in the left 
leg, and With the pump back on and the balloon in the left 
leg. These ?gures shoW hoW the device picks up a decrease 
in How to the leg that has the balloon catheter in it. 

[0029] FIG. 3F shoWs a change in loWer limb pulse 
volume ratio after balloon insertion as a function of time 
from 0 to 50 minutes. As shoWn, the left-leg to right-leg 
pulse volume ratio, Which is approximately one at the time 
of insertion, decreases to roughly half after ?fty minutes. 
[0030] FIG. 3G shoWs arm and leg pulse volume With and 
Without the intra-aortic balloon pump (pump olf on the left, 
pump on on the right). FIGS. 3H and 3I shoW ?oW aug 
mentation in the left arm and the right leg, respectively, as 
represented by the area betWeen the curves representing ?oW 
With and Without the pump. 

[0031] 8. Peripheral vascular disease: Currently there are 
no satisfactory quantitative methods for evaluating periph 
eral vascular disease. A standard device used in management 
of this problem is generally knoWn as “pulse volume record 
ings” or PVR’s. This technique uses multiple pneumatic 
plethysmographic culfs Which provide Waveforms that indi 
cate arterial pulsation but do not provide quantitative infor 
mation about blood delivery to the tissues. The pulse volume 
device provides Waveforms that coincide With peripheral 
vascular ?oW but, in addition, provides quantitative mea 
surement of pulse volume and/or PNI (or PV-area or 
PV><HR). Pulse volume and/or PNI (or PV-area or PV><HR) 
measurements are made in these patients to evaluate the 
presence and degree of peripheral vascular disease. For 
example, the examination of one patient revealed that he had 
non-healing ulcers on his left leg. The PVR’s Were normal 
but pulse volume measurements in the left leg Were only 
15% of those measurements in the right leg. In addition, 
measurements are made before and after interventions to 
relieve peripheral vascular obstruction to see the e?fect of an 
intervention. Furthermore, Where an intervention has been 
performed, the patient is folloWed periodically after inter 
vention to detect recurrence of peripheral vascular obstruc 
tion. 
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[0032] 9. Congestive heart failure: Congestive heart fail 
ure is associated With increased peripheral vascular resis 
tance and decreased peripheral vascular How. The pulse 
volume device is used in the detection of congestive heart 
failure. Ideally, pulse volume and/or PNI (or PV-area or 
PV><HR) measurements are made in ongestive heart failure 
patients When they are in good medical control. When a 
patient slips into heart failure, pulse volume and PNI (or 
PV-area or PV><HR) drop. In addition, the e?cectiveness of 
heart failure treatment is evaluated With pulse volume and/ or 
PNI (or PV-area or PV><HR) measurements. When e?cective 
treatment is achieved, pulse volume and/or PNI (or PV-area 
or PV><HR) values return to normal. 

[0033] 10. Research evaluation of vasoactive medications. 
Currently, there are no satisfactory quantitative measure 
ments in humans to evaluate the e?‘ectiveness of vasoactive 
medications. This makes clinical evaluation of these drugs 
problematic. The pulse volume device is used to quantita 
tively evaluate the e?cect of vasoactive medications. When a 
vasodilator is given to a patient, the pulse volume and/or 
PNI (or PV-area or PV><HR) increase. Relationships are 
developed betWeen the dose of these medications and the 
degree of increase in the pulse volume and/or PNI (or 
PV-area or PV><HR) and these relationships are used to 
guide drug therapy. 

[0034] 11. Evaluation and treatment of syncope: Cur 
rently, patients Who have fainting spells are frequently 
evaluated With “tilt testing.” These tests involve bringing a 
patient from the horiZontal to the vertical position. Patients 
Who have vasovagal syncope often become symptomatic 
and faint When they are brought to the full upright position 
over a period of about half an hour. A positive tilt test is 
extremely discomforting to the patient and can produce 
cardiac arrhythmias. A decrease in pulse volume and/or PNI 
(or PV-area or PV><HR) is an early indicator of decreased 
peripheral vascular How and therefore occurs Well before a 
patient actually becomes symptomatic and faints. A brief 
modi?ed form of tilt test can be performed using the pulse 
volume device. A patient is alloWed to lie recumbent for a 
period of about 10 minutes and then asked to stand. Those 
patients Who are at risk for vasovagal syncope are expected 
to have an exaggerated decrease in pulse volume and/or PNI 
(or PV-area or PV><HR) When compared With normals. In 
addition, the e?‘ectiveness of treatment for syncope is evalu 
ated With pulse volume and/ or PNI (or PV-area or PV><HR). 
If e?cective treatment is being administered, the drop in pulse 
volume and/or PNI (or PV-area or PV><HR) experienced 
during an upright maneuver is diminished. 

[0035] 12. Detection and treatment of dehydration: When 
patients are dehydrated, there is a decrease in peripheral 
vascular How and an increase in peripheral vascular resis 
tance as the body tries to maintain the central circulating 
blood volume. When patients present With dehydration, their 
pulse volume and/or PNI (or PV-area or PV><HR) are 
diminished. Currently, the degree of dehydration is crudely 
estimated by clinical criteria, such as skin turgor, and 
intravenous ?uids are administered on a formulated basis. 

The end point of dehydration is largely subjective and 
therefore a patient may spend too much or to little time 
receiving IV ?uids and under medical observation than may 
be actually necessary. The return of pulse volume and/or 
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PNI (or PV-area or PV><HR) to normal during ?uid treatment 
of dehydration indicate that effective rehydration has 
occurred. 

[0036] 13. Pre-eclampsia: Pre-eclampsia is a condition in 
Which there are acute changes in ?uid content in the tissues. 
There is often edema Which can be subjectively evaluated by 
the clinician. In addition to pulse volume measurement, the 
pulse volume device produces a signal Which is proportional 
to total limb impedance. When a patient has an increase in 
electrolyte containing ?uid due to progression of pre-ec 
lampsia or eclampsia, total limb impedance decreases, and 
this can be detected by the pulse volume device. 

[0037] 14. Deep vein thrombosis: When venous return is 
compromised, the tissue in the limb sWells. This causes a 
decrease in overall limb impedance Which, as stated above, 
can be measured. If one limb has a much loWer impedance 
than the contralateral limb, deep vein thrombosis is suspect. 

[0038] 15. Thermal injuries: Burns and frostbite are asso 
ciated With decreased peripheral vascular ?oW to the 
affected area. The pulse volume device is used to evaluate 
the degree of thermal injury, and serial measurements are 
used to estimate the return of function as treatment 

progresses. 

[0039] 16. Renal Dialysis: Patients Who are undergoing 
renal dialysis often experience vascular instability due to 
large ?uid and electrolyte shifts. The pulse volume device is 
placed on the limb of patients undergoing renal dialysis. 
Large ?uctuations in pulse volume and/or PNI (or PV-area 
or PV><HR) indicate that a patient may be at risk for 
developing vascular instability. 

[0040] 17. Radial Artery Harvesting: Radial arteries are 
noW being used for coronary bypass grafts. It is important to 
make sure that the circulation to the hand is not compro 
mised by radial artery resection. This requires that there is 
adequate magnitude and distribution of ulnar artery ?oW to 
the hand. The pulse volume device is used to make pulse 
volume and/or PNI (or PV-area or PV><HR). measurements 
from the ?ngers. Then, the radial artery is compressed. The 
measurements are repeated. Di?‘erences from the pre-com 
pression measurements indicate those areas of the hand that 
are radial artery dependent. 

[0041] 18. Cardiac Output Monitoring: It is often desirable 
to monitor cardiac output, particularly during surgery or 
When managing critically ill patients. This requires the use 
of invasive techniques, such as thermal dilution or mixed 
venous oxygen measurement. The pulse volume device does 
not measure cardiac output. HoWever, peripheral vascular 
?oW is closely related to cardiac output. The pulse volume 
device is applied to patients in Whom knoWledge of cardiac 
output is considered desirable. Changes in pulse volume 
and/or PNI (or PV-area or PV><HR) occur With changes in 
cardiac output. This relationship has been observed both in 
the operating room and in animal testing. 

[0042] 19. Hypertension; Hypertension can have a number 
of different etiologies. In some cases the peripheral vascu 
lature is reacting to excessive levels of native vasoconstric 
tors; in other cases the peripheral vasculature is abnormally 
non-compliant. Pulse volune analysis can help distinguish 
betWeen these. When the peripheral vasculature is reactive, 
pulse volume may change When a vasodilator is given. 
When peripheral resistance is ?xed, pulse volume does not 
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change in response to vasodilators. Pulse volume and/ or PNI 
(or PV-area or PV><HR) measurements may be useful in 
titrating anti-hypertensive drug doses. 

[0043] 20. Muscle FloW Capacity: Pulse volume in the 
calf increases after treadmill exercise. The degree of this 
increase is related to the ability of the muscle to adapt to 
exercise by providing increased ?oW. Pulse volume and/or 
PNI (or PV-area or PV><HR) measurements may therefore be 
useful as an index of athletic training. An individual may 
obtain baseline measurements prior to engaging in an exer 
cise program. The changes in Pulse volume and/or PNI (or 
PV-area or PV><HR) measurements over time may provide a 
quantitative index of improving muscle exercise capacity. 

[0044] Thus, the techniques disclosed above extend 
plethysmography to a Wide variety Pulse volume and/or PNI 
(or PV-area or PV><HR). measurements of uses in Which 
diagnoses have been traditionally carried out through more 
complicated or invasive techniques, or not at all. 

[0045] While preferred embodiments of the present inven 
tion have been set forth in detail, those skilled in the art Who 
have revieWed the disclosure Will readily appreciate that 
other embodiments can be realiZed Within the scope of the 
invention. For example, the present invention can be used in 
veterinary applications as Well as With human patients. 
Therefore, the present invention should be construed as 
limited only by the appended claims. 

1-9. (canceled) 
10. A method for detecting cardiogenic shock in a patient, 

the method comprising: 

(a) taking a pulse volume measurement from the patient; 

(b) determining, from the pulse volume measurement 
taken in step (a), Whether the patient suffers from 
decreased cardiac output; and 

(c) detecting the cardiogenic shock in accordance With the 
determination of step (b). 

11. The method of claim 10, Wherein steps (a)-(c) are 
performed a plurality of times to determine effectiveness of 
treatment of the cardiogenic shock. 

12-55. (canceled) 
56. A method for diagnosing a physical condition in a 

patient, the method comprising: 

(a) taking a pulse volume measurement from the patient; 

(b) from the pulse volume measurement taken in step (a), 
calculating a quantity Which is one of (i) a peak value 
of an instantaneous net in?oW, (ii) an area under a pulse 
volume curve and (iii) a pulse volume><heart rate pro 
duce; and 

(c) from the quantity calculated in step (b), diagnosing the 
physical condition. 

57. The method of claim 56, Wherein steps (a) and (b) are 
performed a plurality of times to obtain different values of 
the quantity at different times, and Wherein step (c) com 
prises comparing the di?‘erent values of the quantity. 

58. The method of claim 57, further comprising applying 
a stimulus to the patient, and Wherein the plurality of times 
comprise at least one time before the stimulus is applied and 
at least one time after the stimulus is applied. 

* * * * * 


