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Chapterr  9 

Thee influenc e of periphera l arteria l diseas e on 
capillar yy  pressur e in the foo t 

Jurgenn C. de Graaff, Dirk Th. Ubbink, Joost A. van der Spruit, 
Sjoerdd M. Lagarde, Michael J.H.M. Jacobs 

Submitted d 

Abstrac t t 
Backgroun dd  Capillary perfusion and transmural pressure are delicately regulated 
byy microvascular constriction mechanisms, which are activated upon a change in 
posture.. Capillary flow is known to be disturbed in patients with severe peripheral 
arteriall disease. To date, however, the influence of this disease on capillary 
pressuree is unknown. 
Method ss  Capillary pressure in the nail fold of the hallux and ankle and toe blood 
pressuress were measured in the sitting and supine positions in 8 patients with 
intermittentt claudication (F2), in 7 patients with rest pain and/or ischemic ulcers 
(F3-4),, and in 12 age-matched healthy controls (FO). 
Result ss  Toe and capillary pressures in the three groups (FO, F2 & F3-4) were 
significantlyy (p<0.001) higher in the sitting (toe: 140, 104, and 64 mm Hg, 
respectively,, and capillary: 64, 63, and 62 mm Hg, respectively) than in the supine 
positionn (toe: 91, 49 & 14 mm Hg resp. and capillary: 22, 23 & 16 mm Hg resp.). 
Withh increasing disease severity, toe pressures decreased significantly in the 
sittingg (p< 0.001) and supine positions (p= 0.001), whereas capillary pressures did 
nott (sitting: p= 0.50; supine: p= 0.19). 
Conclusion ss  An increase in orthostatic pressure increases both toe and capillary 
pressures.. Arterial insufficiency of the leg seems to leave the capillary pressure 
unscathed.. Apparently, arteriolar vasodilation compensates for the lower arterial 
pressuree in both positions, even in patients with a tissue perfusion compromised 
byy ischemia. 
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Introductio n n 

Capillaryy microcirculation is essential for the nutritive status of tissue. Capillary 
perfusionn pressure is essential to maintain adequate perfusion in the 
microcirculationn and physiologic transcapillary exchange in the skin of the foot. 
Patientss with severe arterial occlusion in the legs have a compromised 
microcirulationn due to a lowered peripheral blood pressure, which can result in 
continuouss ischemic pain (at rest) or tissue loss.1 

Skinn microcirculatory perfusion has been studied intensively in health and 
diseasedd by various techniques, such as laser Doppler fluxmetry, capillary 
microscopyy and transcutaneous oxygen measurements.2"5 In health, capillary 
perfusionn is delicately regulated by mainly local vasoconstriction mechanisms.6"8 

Peripherall arterial disease (PAD) causes a disturbance of these regulatory 
mechanisms,, which results in an increased peripheral (capillary) perfusion upon 
dependency,, which may explain the pain relief these patients experience upon leg 
dependency,22 but might also cause (postoperative) edema formation.5910 

Too date, knowledge about the blood pressure in the capillaries of the foot skin is 
derivedd either from indirect estimations or invasive pressure measurements.8/l1,12 

Thiss gives important information about the relation between peripheral perfusion, 
pressure,, and resistance.8,13 In patients with peripheral vascular disease, capillary 
pressuree is unknown. Appreciation of the regulation of microcirculatory perfusion 
inn various disease states is particularly important in the improvement and 
developmentt of conservative (vaso-active drug therapy, intermittent compression 
therapy,, spinal cord stimulation, etc.) and operative treatment strategies or 
complicationss (post-operative edema formation) of PAD.3,914"16 

Recently,, a new technique has become available, which we have adapted to 
performm measurements of capillary pressure simultaneously with skin capillary and 
microcirculatoryy perfusion.17 With this technique we investigated the 
pathophysiologyy of the microcirculatory changes in patients in various stages of 
PADD using microcirculatory techniques including capillary pressure 
measurements. . 

Subject ss and method s 

Fromm October 1999 to June 2000 in and outpatients suffering from PAD were 
randomlyy recruited by the vascular specialists. Healthy controls were recruited in 
thee same period from relatives of the investigators. Written informed consent was 
obtainedd from all patients and subjects. The presence and location of PAD were 
assessedd by duplex scanning. Patients with diabetes mellitus were excluded, 
sincee diabetes is known to influence capillary pressure per se.18 None of the 
patientss suffered from edema in the foot. Thus, the diseased feet of 9 patients with 
intermittentt claudication (Fontaine stage 2: F2) and of 7 patients with ischemic rest 
pain,, ulcers or gangrene (F3-4) and with a toe pressure below 30 mm Hg,1 as well 
ass 13 feet of 13 age-matched, healthy controls (F0; asymptomatic and with an 
ankle/brachiall pressure index [ABPI] >90%) were investigated. The investigation 
protocoll was approved by the local medical ethical committee and conforms with 
thee principles outlined in the declaration of Helsinki. Measurements were 
performedd after a 30 min acclimatization period in a temperature controlled 
environmentt . The height from toe to heart (represented by the fourth 
intercostall space) was measured in sitting position. Subjects refrained from 



Chapterr 9 - Capillary pressure in PAD 111 1 

smokingg and caffeine containing drinks for at least four hours before the 
measurementt to avoid a possible effect on vascular tone. 

Dynamicc intracapillary blood pressure measurements were performed in the 
eponychiumeponychium of the hallux of the foot in the sitting and supine positions with the foot 
att heart level, in a random order. Laser Doppler fluxmetry (PF 407, Periflux 4001, 
Perimed,, Sweden, filter time 0.03 s) of the adjacent area on the dorsum of the 
hallux,, continuous blood pressure of the second toe (Finapres BP Monitor 2300, 
Ohmeda,, Louisville, Co, USA)19 and ECG were assessed simultaneously. A 
capillaryy pressure measurement was regarded valid when the capillary pulse 
pressuree waves were in phase with the waveforms of the ECG, toe pressure and 
laserr Doppler. The laser Doppler was used to investigate total cutaneous 
perfusion,200 whereas the capillary red blood cell velocity was assessed to evaluate 
nutritivenutritive perfusion. Skin temperature of the toe was monitored to evaluate any 
variabilityvariability due to temperature changes.12,21 

Alll synchronous measurements (ECG, laser Doppler, temperature, capillary and 
continuouss toe pressure) were sampled on-line and analyzed off-line by means of 
aa data acquisition system. After the experiment the brachial and ankle pressure 
(dorsall pedal artery and posterior tibial arteries at the level of the ankle), and toe 
systolicc blood pressure of the of the hallux were measured to evaluate the 
influencee of postural changes on systemic and local arterial blood pressure.22 

CapillaryCapillary pressure 
Thee capillaries of the hallux nail fold were visualized by means of a capillary 
microscopee with motor focusing in combination with a video circuitry as described 
before.2,177 The images were stored on videotape for off-line analysis of the 
capillaryy diameter (in um), capillary density (in mm"2), and capillary red blood cell 
velocityy (RBCV; in |jm/s, using the flying spot method) during the capillary 
pressuree measurement.8,17 

Tablee 1 . Patient characteristics 

F0 0 

n== 12 
Male/femalee 6/6 
Agee (median, interquartile ranges, in years) 58 (48-65) 
Smokingg 1 
Hypertensionn 0 
Historyy of cerebrovascular ischemic event 0 
Historyy of coronary heart disease 0 
Hypercholesterolemiaa 0 

F2 2 

8 8 
6/2 2 
644 (57-65) 
4 4 
2 2 
0 0 
0 0 
4 4 

F3-4 4 

7 7 
3/4 4 
577 (50-76) 
3 3 
4 4 
1 1 
4 4 
2 2 

F0:F0: healthy volunteers; 
F2:F2: legs of patients with intermittent claudication; 
F3-4F3-4 legs of patients with ischemic rest pain, ulcers or gangrene. 
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Capillaryy pressure was measured by a direct servo-nulling method. The 
principless of the measurement technique and circuit description have been 
evaluatedd and described in detail before.17 In short, the cuticle and upper layer of 
thee stratum corneum of the epidermis removed to facilitate puncturing of the 
capillaries.. This procedure does not influence the capillary flow.17 The capillaries 
weree punctured by means of micropipettes (tip diameter varying between 3 and 4 
|jm),, filled with a 2M NaCI solution (with 10E/ml heparin to prevent plugging), 
connectedd to the servo-nulling micro pressure system (900A World Precision 
Instruments,, Sarasota, FL). Each new pipette was calibrated, and the sensitivity 
andd damping were adjusted until an optimal signal without noise was achieved. 
Thee pipette was manoeuvred into the apex of a capillary at an angle of approx. 40
too the skin by means of a micromanipulator (model M, Leitz, Wetzlar, Germany). 
Heretoo the micromanipulator was mounted on a statue with an angle of . 
Furthermore,, the position of the tip of the pipette was adjusted so that flow through 
thee capillary was visually unobstructed. A measurement was regarded valid when 
thee capillary pulse pressure waves were in phase with the waveforms of the ECG, 
toee pressure and laser Doppler, whilst capillary flow was unobstructed for at least 
55 s. Previous investigations showed that capillary blood flow is not influenced by 
thee capillary blood pressure measurements.17 The mean systolic and diastolic and 
meann pressures were derived from the valid interval. Furthermore the capillary 
pulsee pressure amplitude (CPPA; in mm Hg) was defined as the difference 
betweenn the diastolic trough and systolic peak.2324 The CPPA is inversely related 
too the precapillary resistance, generated by the arteriolar tone. After the 
investigationn any remaining shards were removed by wiping with a paper tissue 
andd the puncture area was disinfected. The response time (10 - 90%) of this 
systemm does not exceed 10 ms, which is adequate to trace heart beats.17 

Separately,, the accuracy of the system was evaluated every other 5 procedures 
byy calibrating the system against a reference pressure system in a test set-up. 
Thee reliability of the measurements was assessed by duplicate measurements at 
ann adjacent capillary of the same toe in 24 subjects. 

Statistics Statistics 
Becausee of the non-parametric distribution of the data and the limited number of 
observations,, the results are expressed in medians with interquartile ranges (IQR). 
Statisticall analysis of possible differences between sitting and supine positions in 
alll measurements was evaluated by the Wilcoxon signed-ranks test. The 
differencess between groups of patients were analyzed by means of the Kruskal-
Walliss test. The reliability of the capillary pressure measurements is expressed as 
thee standard deviation of the differences between two repeated measurements in 
thee same toe. 

Result s s 

Inn 12/13 volunteers (F0), in 8/9 patients with intermittent claudication (F2) and in 
6/77 patients with rest pain, ulcers and/or gangrene (F3-4) acceptable capillary 
pressuress could be measured in both positions (overall success percentage 90%; 
figuree 1). Failures were caused by inadvertent movements of the subjects. Subject 
characteristicss are presented in table 1. In one patient with rest pain, capillary 
pressuree could only be measured in the sitting position, because the capillaries 
visuallyy disappeared while supine. The results are presented in table 2. 
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Penetrationn of the capillary by the tip of the pipette could easily be observed by 
ann influx of some erythrocytes before the system was switched on. If the flow 
throughh the capillary was visually unobstructed the pulse contour of the pressure 
couldd be visualised clearly, showing a steep upstroke in phase with the other 
measurements,, whereas obstructing the flow caused irregularities or an increase 
inn the pressure recording (figure 1). The duration of one continuous pressure 
recordingg varied from 5 s to 6 min, and was typically stable over time (figure 1). 
Thee measurements were totally painless. 

Systolicc brachial pressure in the patient group was not significantly different from 
thee healthy volunteers, and did not change significantly upon postural changes. As 
expected,, the ankle pressures, ABPI's and toe pressures in both positions were 
significantlyy higher in healthy volunteers than in patients with PAD, and increased 
significantlyy in all groups after changing from the supine to the sitting position 
(tablee 2). 

Thee systolic, mean and diastolic capillary blood pressures were not significantly 
differentt between healthy volunteers, F2, and F3-4 patients, both in the supine and 
thee sitting position, despite a significant difference in ankle and toe blood 
pressuress between the groups (figure 2). There was, however, a significant 
increasee in capillary pressure upon changing to the sitting position in all three 
groups,, which was related to the orthostatic blood pressure increase. The capillary 
pulsee pressure amplitude was significantly lower in patients than in healthy 
volunteers,, as depicted in the recordings of the pressure profiles presented in 
figuree 3, illustrating a reduced precapillary resistance. 

Figur ee 1 . Typical example of the variation over a longer time period of ECG, laser 
Doppler,Doppler, capillary and toe blood pressures, with a valid measurement period 
indicatedindicated between the arrow, proceeding a period in which the pipette is 
obstructingobstructing the flow (encircled) and disturbed by noise. 

ta^^^jjojjiii^^ ta^^^jjojjiii^^ 

acceptablee measurement 

s iWi)l lM^ ^ 

100 0 

50 0 

0 0 
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Figur ee 2. Systolic toe pressures and systolic capillary pressures in sitting and 
supinesupine positions in healthy volunteers (O), in patients with intermittent claudication 
(A)(A) and in patients with ischemic rest pain, ulcers or gangrene (O). 

1800 -, 

toee supine capillary supine capillary sitting toe sitting 

Thee reliability of the pressure in two capillaries in the same toe, expressed as 
thee standard deviation of the difference between two paired capillary pressure 
measurementss (n=24; 9 in sitting and 15 in supine position, and 11 healthy 
subjectss and 13 patients), was small (systolic: 5.12 mm Hg; mean: 3.84 mm Hg; 
andd diastolic: 3.94 mm Hg). 

Capillaryy density did not differ between groups and did not change upon 
posturall changes. Capillary red blood cell velocity in supine position was 
significantlyy lower in F3-4 patients than in F2 patients and healthy volunteers. Skin 
temperaturee and laser Doppler perfusion were not different between the three 
groupss and did not change after a change in posture. 

Discussio n n 

Thiss is the first study that shows that capillary pressure in both positions does not 
differr between healthy and ischemic circumstances, despite the marked reduction 
off arterial pressure in patients with PAD. Local arteriolar vasoconstriction 
mechanismss appear to play an important role in the delicate regulation of capillary 
pressure,, even in PAD. Its strict regulation shows that this parameter appears 
essentiall in the maintenance of the nutritive transmural transport function of the 
capillaries. . 
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Figure ss 3. Typical example of recordings in a healthy subject in the sitting position 
ofof laser Doppler perfusion, capillary and toe blood pressures, and ECG of a 
healthyhealthy volunteer in sitting (3a) and supine (3b) position, and in a patient with rest 
painpain in sitting (3c) and supine (3d). Note the difference in capillary pulse pressure 
amplitudeamplitude (CPPA). 

Figuree 3a Figure 3b 

Figuree 3c Figure 3d 
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Thee clinical symptoms in these patients are generally thought to be caused by a 
reducedd arterial perfusion and, subsequently, a local shortage of microcirculatory 
perfusion,, which is represented by a reduced transcutaneous oxygen pressure, 
laserr Doppler perfusion, and capillary red blood cell velocity.25 The present study 
addss evidence that a severe reduction in peripheral blood pressure may result in a 
reducedd capillary perfusion, but capillary pressure remains within certain limits. 
Apparently,, the arteriolar constriction mechanisms (e.g. the myogenic and veno-
arteriolarr responses6"8) that regulate the arterial pressure down to the capillary 
pressuree are not activated to the same extent in PAD patients, but respond to the 
lowerr arterial pressure. Previous studies have already shown that this is a local 
phenomenon,, occurring even unilaterally, when arterial pressure is reduced in only 
onee leg.7,8 These ischemic conditions lead to a reduced arteriolar constriction and 
thus,, a reduced precapillary resistance (i.e. a smaller pressure drop at the 
microcirculatoryy level, as opposed to the pressure drop due to the stenoses in the 
largerr arteries), thereby maintaining capillary pressure at the expense of capillary 
perfusion.. The importance of maintaining capillary pressure rather than capillary 
perfusionn is in agreement with previous observations of capillary perfusion in 
variouss degrees of PAD suggesting that capillary perfusion is maintained during a 
decreasee in arterial pressure until it substantially diminishes when the ankle 
pressuree drops below 20 mm Hg.26 This is also theoretically plausible, because 
capillaryy pressure (and not flow) is part of the Starling equation, which defines the 
capillaryy transmural forces by which transcapillary fluid exchange is regulated. 
Thus,, regulation of capillary pressure can also have an edema preventing 
purpose. . 

Maintenancee of capillary pressure appears to be less effective upon a change to 
thee sitting position, where capillary pressure is much higher due to the additional 
orthostaticc pressure. The increase of capillary pressure in the sitting position is in 
agreementt with the observations in healthy volunteers.12 From this, one could 
postulatee that precapillary vasoconstriction mechanisms are driven by changes in 
thee local pre- to postcapillary pressure difference rather than an absolute 
(orthostatic)) pressure, which is exerted on both the venous and arterial sides of 
thee capillary. Under physiological circumstances the orthostatic venous pressure is 
reducedd by the calf muscle pump, which could not be investigated in our setup.27 

Whenn this pump is not activated, as was the case in this study, postcapillary 
resistancee increases. In turn, this will lead to an increased capillary pressure, 
whereass the pre-to postcapillary pressure drop remains similar. Thus, the calf 
musclee pump seems to be an essential factor in the regulation of capillary 
pressuree upon postural changes and the prevention of transcapillary fluid 
extravasation,, provided the venous valves are sufficient. 

Previouss investigations have shown a 50% reduction in laser Doppler perfusion 
whenn healthy volunteers change to the sitting position as a result of activation of 
thee venoarteriolar constriction response, whereas this reduction could not be 
observedd in patients with PAD.928 We found a reduction LDF of about 50% in the 
groupp of healthy volunteers, and found a much smaller reduction in group with 
PADD (median 20% and 17%), although this was not significantly different. This is 
probablyy due to the large variation and limited number of subjects investigated, but 
alsoo because of the difference in vascularization of the various measurement 
sites.. We measured LDF on the eponychium, adjacent to the capillary pressure 
measurementt site, whereas LDF is usually measured at the dorsum of the foot, 
wheree the number of arteriovenous shunts is considerably higher, which augments 
thee changes in perfusion upon a change in posture. 
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Inn some patients with low toe pressures, systolic capillary pressure appeared to 
bee somewhat higher than the systolic toe pressure (figure 3). This may seem 
implausible,, but is probably caused by the measurement variation of the toe 
pressure.. Especially in the lower pressure ranges, the conventional technique for 
thee measurement of toe blood pressures (photoplethysmography) is known to 
underestimatee the toe pressure.29 

Inn conclusion, the present study is the first exploration of toe capillary pressure 
inn patients with PAD. The local pre-capillary resistance component appears to be 
ann essential factor in the regulation of capillary perfusion pressure, keeping 
capillaryy transmural pressure differences within limits to maintain physiological 
transcapillaryy transport. Although the measurements are time consuming and try 
thee patience of both physician and subject, these first results suggest it will be 
worthwhilee to investigate capillary pressure in subgroups of patients with PAD 
(patientss with rest pain vs. those with tissue loss, those with and without diabetes), 
andd other vascular disorders, and in relation to vascular interventions or non-
invasivee therapeutic options. 
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