
 
 

Aus der Klinik für Innere Medizin, CC11 Schwerpunkt Kardiologie 

der Medizinischen Fakultät  

Charité – Universitätsmedizin Berlin 

 
 
 

DISSERTATION 
 
 
 

Measuring fluid shear stress  
with a novel Doppler-derived relative pulse slope index and 
maximal systolic acceleration approach to detect peripheral 

arterial disease and to modulate arteriogenesis 

zur Erlangung des akademischen Grades Doctor medicinae (Dr. med.) 

 
 

vorgelegt der Medizinischen Fakultät Charité –  

Universitätsmedizin Berlin von 

 
 

Lulu Li 
 

aus der VR. China 
 
 
 
Datum der Promotion:        25.06.2017



I  

Table of Contents 
Abstract ............................................................................................................................................ III 

Zusammenfassung ............................................................................................................................ IV 

Abbreviations ................................................................................................................................... VI 

1 Introduction ..................................................................................................................................... 1 

1.1 Peripheral arterial disease (PAD) ............................................................................................. 1 

1.2 Medial vascular calcification (VCm) ....................................................................................... 2 

1.3 Traditional methods for assessing PAD ................................................................................... 3 

1.4 Measurement of internal flow ................................................................................................... 3 

1.5 Arteriogenesis and fluid shear stress (FSS) .............................................................................. 4 

1.6 The effect of external counterpulsation (ECP) on FSS ............................................................ 5 

2 Aim of this work ............................................................................................................................. 7 

3 Methods ........................................................................................................................................... 8 

3.1 Patient recruitment .................................................................................................................... 8 

3.2 Group classifications ................................................................................................................ 9 

3.3 ABI measurement ..................................................................................................................... 9 

3.4 Ultrasound-derived ACCmax and RPSI assessment .............................................................. 10 

3.5 Angiography and Doppler assessment ................................................................................... 12 

3.6 Endovascular procedure and post-intervention surveillance .................................................. 14 

3.7 Practice of modulating ACCmax and RPSI-derived FSS under ECP pressure ...................... 15 

3.8 Statistics .................................................................................................................................. 15 

4 Results ........................................................................................................................................... 17 

4.1 Diagnosis of PAD ................................................................................................................... 17 

4.1.1 Demographic variables .................................................................................................... 17 

4.1.2 Technical applicability ..................................................................................................... 17 

4.1.3 Haemodynamic characteristics ........................................................................................ 19 

4.1.4 Diagnostic cut-off values in non-diabetic and diabetic populations, respectively ........... 21 

4.1.5 Diagnostic strategy with combination models ................................................................. 24 

4.2 Post-revascularisation surveillance......................................................................................... 27 

4.3 The real-time dynamics of ACCmax and RPSI under ECP ................................................... 28 

5 Discussion ..................................................................................................................................... 30 

5.1 Validation of the Gefäßtachometer approach on peripheral arteries ...................................... 31 

5.2 Diagnostic application in screening PAD patients ................................................................. 32 

5.3 Advantages of post-intervention controlling .......................................................................... 38 

5.4 The applicability of modulating ACCmax and RPSI-derived FSS under ECP pressure ....... 39 



II  

6 Conclusion ..................................................................................................................................... 40 

Bibliography ..................................................................................................................................... 41 

Affidavit ........................................................................................................................................... 46 

Declaration of any eventual publications ......................................................................................... 47 

Curriculum Vitae / Lebenslauf ......................................................................................................... 48 

Publikationsliste und Kongressbeiträge ........................................................................................... 49 

Acknowledgement ............................................................................................................................ 50 

  



III  

Abstract 

Generally, the severity of PAD is monitored over time by the ankle-brachial index (ABI); however, 

the disease progression of PAD in diabetic individuals is often underestimated due to frequent 

medial vascular calcification (VCm).  

To improve the diagnostic precision of PAD for diabetic patients, two novel Doppler 

measurements that assess peripheral blood flow were investigated: the maximal systolic 

acceleration (ACCmax) and relative pulse slope index (RPSI). The feasibility of these non-invasive 

approaches was validated in a prospective clinical trial using a novel algorithm called 

‘Gefäßtachometer’.  

1) Specifically, ACCmax and RPSI were evaluated in 168 patients (310 arteries measured), 

including 91 non-diabetic and 77 diabetic patients. The optimal threshold of ACCmax was 

calculated to be 444 cm/s2 in the diabetic population, with a positive predictive value (PPV) of 96% 

and a negative predictive value (NPV) of 72%. The optimal threshold of RPSI was calculated to be 

74 s-1 in diabetic populations, with a PPV of 91% and an NPV of 71%. Compared to the ABI 

measurements, the diagnostic PPVs increased by 22% using ACCmax and by 17% using RPSI. A 

logistic regression and a parallel test were conducted, which further increased the diagnostic 

specificity to 95% in the diabetic population.  

2) Twenty-five PAD patients were enrolled one day before revascularisation, and 44 tibial arteries 

were measured one day before revascularisation and directly after revascularisation. The ACCmax 

increased from 427.83 ± 171.67 cm/s2 to 509.30 ± 171.23 cm/s2 (P = 0.002); the RPSI decreased 

from 82.17 ± 58.76 s-1 to 64.08 ± 39.65 s-1 (P = 0.022). 

3) Moreover, a dynamic change of ACCmax and RPSI under different ECP treatment pressures 

was observed in 18 healthy volunteers. The ECP device, composed of electrocardiographic-

triggered compressions of the lower extremities, has been widely applied for refractory angina 

pectoris. With an increase of ECP pressure from 0 to 200 mmHg, the haemodynamics of the 

participants responded differently on an individual basis to the increase of ECP pressure, and the 

maximal amplitude of diastolic ACCmax was approximately 200%.  

In summary, the RPSI and ACCmax measurements provided a more predictive diagnosis than ABI 

for estimating the PAD status in diabetic patients. The digital translation of Doppler signals and the 

computer-assisted calculation of haemodynamics served as essential technical foundations for 

future computer-aided PAD diagnoses. These data may guide post-revascularisation surveillance 

and may allow for optimised and novel individual ECP treatments.  
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Zusammenfassung 

Allgemeinen wird die periphere arterielle Verschlusskrankheit (pAVK) durch die Messung des 

Knöchel-Arm-Index (ABI) in Stufen eingeteilt und überwacht. Jedoch wird das Fortschreiten der 

pAVK  bei Diabetikern häufig aufgrund von medialen Gefäßverkalkungen (VCm) unterschätzt. 

Um die Genauigkeit  einer pAVK Diagnose für Diabetes-Patienten zu verbessern, wurden in dieser 

Arbeit zwei neue Doppler-Messungen des peripheren Blutfluss durch computer-gestürzte 

Algorithmen (Gefäßtachometer) untersucht: 1) die maximale systolische Beschleunigung 

(ACCmax) und 2) der relative Pulse Slope Index (RPSI). Die Qualität dieser nicht-invasiven 

Messansätze wurde in einer prospektiven klinischen Studie in drei Teilschritten charakterisiert.  

1) Für die oben beschriebenen Validierung der Messparameter ACCmax und RPSI wurden 168 

Patienten (310 Arterien gemessen) untersucht, wovon insgesamt 91 nicht-Diabetes Patienten und 

77 Diabetes-Patienten waren. Um eine pAVK bei Diabetes-Patienten zu diagnostizieren zeigte sich 

bei der ACCmax-Messung ein optimaler Schwellenwert von 444 cm/s2; der positive  

Vorhersagewert (positive predictive value - PPV) lag hier bei 96% und der negative 

Vorhersagewert (negative predictive value - NPV) bei 72%. Um eine pAVK bei Diabetes-

Patienten vorherzusagen lag der optimale Schwellenwert bei der RPSI Messung bei 74 s-1; mit 

einem PPV von 91% und einem NPV von 71%. Im Vergleich zu einer ABI-Messungen erhöht sich 

der diagnostische Vorhersagewert PPV bei der ACCmax Messung um 22% und bei der RPSI 

Messung um 17%. Weiterhin wurde ein statistische Paralleltest durchgeführt, welcher die 

diagnostische Spezifität in der diabetischen Population auf 95% erhöhte. 

2) Fünfundzwanzig PAD Patienten wurden einen Tag vor Revaskularisierung einer ACCmax und 

RPSI Messung unterzogen. Hierfür wurden 44 Tibialarterien einen Tag vor der Revaskularisierung 

und direkt nach Revaskularisation untersucht. Vor/Nach Messung stiegen die ACCmax 

Mittelwerte im Ergebnis von 427,83 ± 171,67 cm/s2 bis auf 509,30 ± 171,23 cm /s2 (P = 0,002); die 

RPSI Mittelwerte verringerte sich von 82,17 ± 58,76 s-1 auf 64,08 ± 39,65 s-1 (P = 0,022). 

3) Im dritten Studienabschnitt wurde eine dynamische Änderung von ACCmax und RPSI unter 

verschiedenen ECP Behandlungsdruckstufen an 18 gesunden Probanden untersucht. Ergebnisse 

zeigten, dass ein Anstieg des ECP-Therapiedruckes von 0-200 mmHg eine individuell 

unterschiedliche Hämodynamik bei den Teilnehmern bewirkt. Die Erhöhung des ECP-Drucks 

bewirkte eine maximale Amplitude des diastolischen ACCmax von 200%.  

Zusammenfassend zeigte die hier beschriebene Studie, dass die Gefäßtachometer Technik, zur 

Bestimmung des RPSI und ACCmax eine prädiktiver Diagnose der pAVK bei Diabetes-Patienten 
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besser abschätzen kann als eine klassische ABI-Messung. Die hier beschrieben Parameter zeigten 

auch ihren Nutzen bei der post-Revaskularisations-Überwachung und für die Bestimmung eines 

optimierten und individuellen ECP-Therapiedruck zur Behandlung der pAVK. 
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Abbreviations 

ABI Ankle-brachial index 
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1 Introduction 

1.1 Peripheral arterial disease (PAD) 

PAD causes a pathogenic narrowing of the arteries, and it may lead to ischemic pain, lesions or 

amputations when the balance between the blood flow and the metabolic demands of the lower 

limbs fails1. Ischemic pain usually results in walking-related intermittent claudication in the calf 

muscles or other lower extremities, which is alleviated with rest. Since 2000, the global 

prevalence of peripheral arterial disease (PAD) has drawn more and more attention. The 

Rotterdam study, the most comprehensive epidemic study, documented that intermittent 

ischemic pain existed from 1% in those 55–60 years of age to 4.6% in those 80–85 years of age2. 

While a large number of elderly patients have been diagnosed with PAD, only a minority 

experience intermittent claudication. The most influential cross-sectional survey until now 

showed that the  prevalence of asymptomatic PAD was 8.0% among the general population of 

55–74 years old, compared to prevalence of 4.5% of intermittent claudication3. As defined by the 

ankle-brachial index (ABI) of ≤ 0.90 in either leg, 16.9% of men and 20.5% of women with the 

age of older than 55 years have been diagnosed with PAD, independent of the symptoms of 

intermittent claudication2.  

The risk of amputation becomes substantial when resting pain, ischemic ulceration or gangrene 

occur1. An epidemiologic study in 2015 revealed that in-hospital amputation rates progressively 

increased from 0.5% among patients with claudication or resting pain to 42% among patients 

with necrosis and gangrene4. The amputation rate is particularly high among patients with 

diabetes complications, and a 22.8 fold increase compared to amputations in the non-diabetic 

population has been shown1, 5. Moreover, critical limb ischemia patients have a risk for all-cause 

and CVD mortality that is over three times higher than for patients who only experience 

intermittent claudication6.  

The main risk factors for PAD are similar to those for coronary and cerebrovascular disease: 

smoking and diabetes7. A higher percentage of men than women suffer from PAD. Due to the 

worldwide demographic shift in populations, it is probable that PAD will become progressively 

prevalent in the future. 

In general, diabetic patients suffer from PAD without ischemic symptoms most often, but they 

have demonstrated infrapopliteal arterial lesions and medial vascular calcification (VCm)8-13. 

These unique pathogenic factors make it difficult to detect PAD in diabetic populations, which 
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results in late treatment14. Furthermore, as PAD is a strong predictive factor for succeeding CVD 

events, such as myocardial infarction, late detection of PAD also brings risks for patients due to 

the late consciousness of potential CVD15. 

1.2 Medial vascular calcification (VCm) 

The coexistence of VCm and PAD is common. Arterial calcification limits vessel walls’ 

mechanic expansion under blood flow and thus affects the blood flow dynamics in the affected 

vasculature.  

As mentioned before, diabetic patients are more likely to be affected by VCm and demonstrate 

as ‘asymptomatic PAD’. While a proportion of asymptomatic PAD patients could be readily 

confirm through ABI3, 16, patients suffered from VCm cannot be detected by ABI due to 

uncompressible arterial walls. 

The most common risk factors for VCm are diabetes type II (T2D) and end-stage renal disease 

(ESRD)17. The rate of newly diagnosed T2D patients suffering from VCm was 17%18, and this 

rate was as high as 41.5% among patients with long histories of T2D19. The cases of VCm in 

ESRD patients are common, and the prevalence is around 27%17. Generally, patients suffering 

from VCm are young and have less conventional risk factors for atherosclerosis20.  

In progressed stages of VCm, the deterioration of the elasticity of arterial walls is paired with a 

progressive loss of peripheral tissue perfusion, eventually leading to arterial flow stasis17. On the 

other hand, in cases of VCm complicated with atherosclerosis, VCm would prevent 

compensatory remodelling which should have occurred due to atherosclerosis, and thus 

obviously accelerates the progression of the atherosclerotic disease17. Lanzer et al. proposed that 

ring-like calcifications are potentially responsible principles for the poor prognosis of VCm, 

through decreasing propulsion of the anterograde blood flow and decreasing arterial adaptation 

to haemodynamic alterations, noxes and senescence21,22. 

Conventional X-rays or ultrasounds provide access to VCm. The measurement of pressure wave 

velocity as well as microcirculatory and endothelial function tests also allow for the assessment 

and full functional specification of VCm; however, current diagnosis approaches for detecting 

VCm fail to meet clinical needs because they are time-consuming and have limited diagnostic 

accuracy. Standardised laboratory tests that can detect VCm are urgently needed.  
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1.3 Traditional methods for assessing PAD 

The detection of PAD is primarily achieved by measuring ABI. Taking the lower blood pressure 

value of two tibial arteries as the numerator and the higher blood pressure value of bilateral 

brachial arteries as the denominator, their ratio is defined as ABI. An ABI ≥ 1.3 indicates non-

compressible, calcified arteries. In the cases of convincing symptoms but a normal resting ABI, a 

repeat ABI, following exercise, can identify significant PAD.  

ABI has been considered as an easy and reliable method to screen for PAD; however, for 

diabetic patients, the ABI measurement often underestimates the presence of the PAD as well as 

the severity of PAD because diabetic patients are much more likely to suffer from VCm, which 

leads to false higher ABI values23. Vascular calcification does not exclude occlusive lesions; 

contrarily, these two conditions have been shown to coexist in 60%–80% of cases24.  

In VCm cases, since VCm is less likely to affect the digital arteries, the toe-brachial index (TBI) 

is theoretically more sensitive than ABI in detecting PAD among diabetic patients. The TBI 

measurement is defined as toe blood pressure divided by brachial blood pressure. A TBI ≤ 0.7 is 

indicative of significant PAD; however, there have been concerns regarding the diagnostic 

accuracy of TBI in the literature, which has been limited until recently25. Some researchers have 

claimed that TBI has superior sensitivity than ABI in the case of diabetic neuropathy26. While 

other researchers have observed lower sensitivity and specificity of TBI compared to ABI in 

diabetic populations27. Therefore, the convince about the performance of TBI is still conflicting 

until now28. 

In addition, surveillance after revascularisation is another disadvantage of ABI because the 

accuracy of ABI values in predicting symptom relief or failure of revascularisation is limited24. 

As concluded by Decrinis et al.29, an ABI increase of 0.10 predicted the relief of stenosis with a 

sensitivity value of 79% and a specificity rate of 92%; while an increase of less than 0.1 of ABI 

makes it difficult to differentiate between graft failure and other lesion progression related to 

PAD30. In summary, ABI alone is not sufficient in clinical practice for screening tests or for 

surveillance after revascularisation, and a novel method with less dependence on the vascular 

wall alteration and a better reliability after revascularisation is needed. 

1.4 Measurement of internal flow 

The measurement of internal flow using the Doppler method is less dependent on vascular wall 

alteration, but the current Doppler procedures are complex and time-consuming. In 2010, 
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Tongeren et al. announced a breakthrough in a diagnostic method for PAD and asserted that 

Doppler-derived maximal systolic acceleration (ACCmax) could serve as an objective 

assessment for stenosis-induced deceleration in distal tibial arteries31; however, only early 

systolic curves were analysed in their study, and the overall haemodynamic changes during one 

complete heart circle were ignored. Moreover, they failed to discriminate between different 

waveforms of Doppler signals and thus different stages of PAD. Similar to this breakthrough, in 

2010, Buschmann et al.32 derived the first-order derivative of red blood cells (∆v/∆t) and claimed 

that the quotient maximal derivative/mean velocity, expressed as relative pulse slope index 

(RPSI), was significantly lower in veins than in arteries and could be used as a specific 

parameter to detect arterial flow patterns. Therefore, it was hypothesised that the decreasing 

pulsatility detectable by RPSI could be a factor used in diagnosing PAD. Moreover, the 

employment of mean velocity takes the overall haemodynamic changes during one complete 

heart beat into account and thus is promising in differentiating between the different stages of 

PAD. 

1.5 Arteriogenesis and fluid shear stress (FSS)  

Based on the relations between haemodynamic characteristics and vascular remodelling 

processes, another prospective approach for assessing ACCmax and RPSI is computing 

haemodynamic stimuli and thus predicting the vascular remodelling process. The initiation of 

both remodelling processes – atherosclerosis and arteriogenesis – is induced by the same 

haemodynamic stimuli, caused by fluid shear stress (FSS). FSS is named as the tangential 

frictional force of the blood flow upon the unit area of endothelial wall [N/m2 or Pa]33. A low 

local FSS indicates enlarged plaques and lumen narrowing34, 35, while an appropriate FSS leads 

to arteriogenesis36 and reduces the negative effect of atherosclerosis37.  

Within blood flow, adjacent layers of fluid slide parallel to each other with different velocities. It 

produces a distortion of the fluid internal surface, which is defined as shear strain or shearing. 

For a Newtonian fluid, the stress generated by the fluid in resistance to the shear is proportional 

to the strain rate or shear rate38-40 multiplied by a viscosity constant. Shear stress uses the same 

units as force per surface area, namely, Pa or N/m2. The simplified estimation of FSS wτ( ) was 

expressed as:  

*wτ µ γ= ,  

where µ  and γ  represent blood viscosity and shear rate. Shear rate refers to the rate at which a 

https://en.wikipedia.org/wiki/Deformation_%28engineering%29
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progressive shearing distortion is exerted on material substance. The shear rate of a Newtonian 

fluid flowing is defined as:  

Shear rate =8*vγ（ ） /d ,  

where d represents the internal diameter, v equals to the time-averaged flow velocity41, so that 

the unit of measurement for shear rate is s−1. 

Therefore, FSS wτ( ) can be determined as the following equation42: 

*(8v /w dτ µ= ).  

While shear stress in human studies was previously estimated based on time-average velocity, 

real FSS models and thus arteriogenesis were recently found to be more complex43-46. For 

physical conditions, the triphasic signal is characterised as a rapid forward blood flow during the 

systole phase, an initial backward blood flow in the diastole phase and then a gradual reverse of 

the flow during the late diastole phase41. This pulsatile blood flow induces two distinct shear 

stimuli: an extreme increase of shear rate in the initial systolic phase due to blood acceleration 

and then a steady shear component. For pathological conditions, several other investigations 

have revealed that in addition to time-averaged velocity47, 48, retrograde flow and flow 

turbulence49-51 influence arteriogenesis. Hence, new parameters that can evaluate FSS by using 

both a time-derivative and a time-average are urgently needed.  

Based on the mathematic models of FSS, ACCmax is proportional to the maximal positive 

alteration in FSS. Additionally, for a given vessel diameter, RPSI is proportional to the quotient 

of the maximal positive alteration in FSS and the time-averaged FSS. Theoretically, the strongest 

pulsatile signal is expressed by the sharply increasing acceleration during early systole, which 

could be assessed using ACCmax. RPSI was demonstrated to be a specific parameter to detect 

arterial flow, and RPSI also considered the time-average velocity information.   

1.6 The effect of external counterpulsation (ECP) on FSS 

As the roles of FSS in remodelling processes are proven to be significant, artificially modulating 

FSS is a promising approach that could benefit PAD patients. There is emerging evidence that 

artificially increasing FSS could cause vasodilation, could lower peripheral resistance and could 

increase perfusion36, 37, 52-54. In animal-based experimental research studies, current animal 

models of arterial occlusion and collateral growth in the hind limb have provided a basis to 

https://en.wikipedia.org/wiki/Shearing_%28physics%29
https://en.wikipedia.org/wiki/SI_unit
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measure haemodynamic forces and to identify primary collaterals. However, due to disintegrated 

methodologies, different target populations and a lack of analogous pathological backgrounds, 

scholars working with patient-based measurements have not yet achieved a widely accepted 

method that can be used to modulate FSS and collateral growth.  

The external counterpulsation (ECP) device has been widely applied for refractory angina 

pectoris. The ECP device is composed of three electrocardiographic-triggered compressions of 

the lower limbs. Three pairs of cuffs are applied separately on the calves and the upper and lower 

thighs. Inflation is induced in the early diastolic phase in the sequence of lower thighs, upper 

thighs and calves. Deflation is triggered rapidly at the beginning of the systole phase in the 

sequence of calves, upper thighs and lower thighs. During the diastolic phase, more venous 

blood returns, and thus diastolic blood pressure increases. In the systolic phase, the rapid 

decrease of compressions reduces vascular resistance. The special adaption of coronary blood 

flow under ECP showed that diastolic flow increased, while systolic flow decreased55. However 

this treatment only made sense, when physiological pressures were used, rather than potentially 

high pressure such as with Enhanced External Counterpulsation (EECP). In 2010, Buschmann et 

al. 36, 37 revealed the pro-arteriogenesis effect of FSS under ECP treatment. The ease of 

regulating ECP pressure makes it a creative intervention practice for identifying and modulating 

FSS.  

The Doppler-derived ACCmax and RPSI is a real-time approach that is easily implemented 

during ECP treatment. By combining the measurement of ACCmax and RPSI with the ECP 

technique, a promising, novel approach to modulating FSS and thus optimising its pro-

arteriogenesis effect is being developed.  
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2 Aim of this work  

Because ACCmax and RPSI demonstrate pulsatility and could identify the value of shear stress, 

the aim of this study was to detect PAD using ACCmax and RPSI and to modulate ECP pressure 

by optimising FSS-related ACCmax and RPSI parameters.  

For this purpose, there were three sub-tasks: 

Sub-task (1): to calculate the cut-off values of ACCmax and RPSI to detect PAD, especially in 

diabetic populations; 

Sub-task (2): to observe the changes of ACCmax and RPSI after balloon or stent implantation;  

Sub-task (3): to monitor the dynamic changes of ACCmax and RPSI under ECP intervention.  
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3 Methods  

All participants were informed of the study protocol, and the study was approved by the Charité 

ethic council (EA1/146/12). The study followed the guidelines of the Declaration of Helsinki and 

the institutional ethics regulations. 

3.1 Patient recruitment 

In the first part of the study, which was from June 2011 to December 2014, more than 600 

patients who were referred to the vascular laboratory for suspicious PAD or for controlling with 

an established PAD history were screened. The patient inclusive criteria were:  

·≥ 50 years old  

·reference of angiography or Doppler evaluation available within 6 months  

·had at least two of the following risk factors: 

hypertension  

hypercholesteremia 

diabetes 

coronary artery disease 

Patients were excluded for: 

·lower limb disability  

·thrombosis within the last 6 months  

·severe heart insufficiency (LVEF < 20%) 

·arrhythmia (e.g. atrial fibrillation)  

·being involved in other clinical studies  

Based on these criteria, 168 participants were enrolled in the first part of this study. They were 

separated into four sub-groups: controls (without PAD or diabetes), diabetic, PAD and PAD 
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complicated by diabetes. All patients underwent ABI measurements using the standard 

ultrasound technique. In addition, patients with an abnormally higher ABI value were sub-

classified into the VCm group, regardless of PAD history or diabetic history. 

In the second part of this study, 25 PAD patients with or without diabetes who had undergone an 

elective revascularisation were recruited. None of them suffered from lower limb disability, new 

thrombose, severe heart failure LVEF < 20% or arrhythmia. The study assessments were 

performed one day before intervention and one day after intervention for intra-individual 

comparisons.  

The third part of this study was a pilot study. Eighteen young (< 25-years-old) and healthy 

volunteers underwent a one-time ECP treatment. They did not have a CVD history, PAD history 

or diabetic history. 

3.2 Group classifications  

To evaluate the ideal diagnostic cut-off values of blood acceleration (ACCmax) and RPSI, the 

first part of the study was conducted in three steps: 

First, to identify the threshold, 73 samples in the non-diabetic group were estimated to be needed. 

Specifically, this included 40 artery records from PAD patients and another 40 records from age-

matching healthy participants. With these values, ROC curves could be examined while 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) 

could be calculated.  

Second, to compare the diagnostic performance between RPSI and ACCmax, 148 samples from 

the non-diabetic group were needed, including 75 pathological artery records and 75 age-

matching healthy artery records.  

Third, to evaluate the diagnostic performance of ACCmax and RPSI in diabetic populations, a 

similar number of examples were required, which included 75 artery records without VCm and a 

corresponding 75 artery records with VCm.  

3.3 ABI measurement 

The ABI measurement was conducted after 5 minutes of resting in a supine position. Blood 

pressure was taken from the arms and ankles and was calculated by sphygmomanometry with an 

8-MHz Doppler probe and a 12-cm cuff. From each side of the lower extremity, the lower one of 

either ATA pressure or ATP pressure was taken as Pleg. Otherwise, blood pressure was assessed 
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from both sides of arm, and the higher one was taken as Parm56, 57. ABI was calculated as the 

following equation: 

ABI = Pleg/Parm. 

We could evaluate ABI values as followings: 

·ABI < 0.9 was ABI test positive, in which ABI < 0.4 was severely decreased ABI values and 

0.4 ≤ ABI < 0.9 was mild to moderately decreased ABI; 

·0.91 ≤ ABI < 0.99 was borderline positive; 

·0.99 ≤ ABI < 1.3 was normal ABI; 

·ABI ≥ 1.3 was VCm4. 

3.4 Ultrasound-derived ACCmax and RPSI assessment 

After the ABI measurement, patients resting in supine positions underwent ultrasound 

examinations of the distal tibial arteries, which were approximately at the same anatomic level as 

the ABI examination. The US unit (Philips, HDX 11, Germany) was used with an L12-3 MHz 

transducer, and the same transducer was used for all subjects to maximise statistical power. 

During each examination, two techniques were used to minimise the variability. Firstly, imaging 

of the arterial wall was extended across the entire plane, without zooming. Secondly, the thickest 

vessel walls were observed. These two adjustments were normalised to reduce estimation-

variability. At the same time, the general settings of the ultrasound machine were also 

standardised. The beam-vessel angle was optimised to be less than 60° to minimise the 

likelihood of skewing the frequency spectrum. The sonographer was unaware of clinical findings 

and ABI values. After initially scanning the distal tibial arteries longitudinally, the pulsed-wave 

mode was utilised to obtain the haemodynamic parameters. To be statistically comparable with 

ABI values, the artery that contributed to the ABI values was examined for ACCmax and RPSI 

in each leg, and double examinations were undertaken to ensure reproducibility. 

The definition of ACCmax was taken from previous studies31 as the maximal slope of the 

velocity curve in the early systolic phase. Instead of visually determining the maximal slope, 

duplex data was exported through one CE-certified and MPG-compliant Audio output (CE 0086, 

SN 1078496) (Figure 1), and the ACCmax was calculated using a computational algorithm of 

MATLAB following the steps below (Figure 2):  
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1) Obtaining sample Doppler curve images in 15 seconds; 

2) Importing Doppler curves, selecting the systolic phase and contouring the edge of the Doppler 

curves using the modified geometric method58; 

3) Computing the collective velocity curves, by calculating the average velocity values at each 

relative second; 

4) Determining the maximal slope with a differential equation: 

max max( )vACC
t

∆
=

∆
; 

5) Obtaining the mean blood velocity (Vmean) by calculating the average of all collected 

instantaneous blood velocity curves using the formula below in which time (t) refers to one 

integrate pulse:  

1 * ( )mean
n

V V t
n

= ∑ ; 

6) Calculating RPSI with the equation32: 

maxACCRPSI
Vmean

= . 

 
Figure 1 Apparatus used for a series assessment, including an ultrasound transducer, USB digital 
transfer and calculation program with Matlab (developed by Robert Paschke, Exist Company, Berlin). 
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Figure 2  A summary of Matlab methods (developed by Robert Paschke, FirstFlow Company, Berlin). 
The image output of the system includes one 15s real-time velocity-time curve and digitising one 
Ensemble-curve with an average method. The velocimetry indices were obtained through the ensemble 

curve: max Ensemble
Ensemble

Ensemble

ACCRPSI
Vmean

=  

An example of the velocity profile of a normal healthy subject is shown in Figure 3. 

 
Figure 3  An example of the velocity profiles and the calculation of ACCmax on this curve. 

3.5 Angiography and Doppler assessment 

Patients’ angiogram data were re-evaluated using quantitative analysis software (Sanders Data 

Systems, USA). Specific features of the SDS include 2-point user-defined path line (centre-line) 

identification, arterial contour detection using a minimal cost matrix algorithm and a reference 

vessel diameter. The minimal lesion diameter was used to calculate the percent of diameter 
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stenosis relative to the reference vessel diameter of the lesion of interest. The lesions were 

located, and the degree of stenosis was graded for each patient59,60. 

For patients with Doppler examination documents, the evaluation procedure was much 

simpler59,61, 62. The diagnosis criteria for stenosis were extensively described using diameter 

reduction, a qualitative waveform analysis and PSV ratios of proximal Vmax relative to distal 

Vmax, as well as the presence of spectral broadening (Table 1). In addition, high-resistance 

waveforms indicated a lesion proximal to the occlusion without collateral vessels. Conversely, a 

continuous forward diastolic flow was present in the proximal artery to the occlusion in case of 

dilated high-capacitance collaterals.  

Table 1 Diagnostic criteria for PAD using Doppler examination 

 

Furthermore, patients’ Doppler data were quantitatively evaluated as physiological signals, fine 

monophasic signals, weak monophasic signals or weak monophasic signals combined with a 

diastolic forward flow63, 64. ACCmax and RPSI were compared between these four waveform 

sub-groups. The principle used to differentiate weak monophasic signals from fine weak 

monophasic signals was a peak velocity lower than 30cm/s, and the principle used to 

characterise weak monophasic signals combined with a diastolic forward flow is plotted in 

Figure 4.  

 
Figure 4 Two types of weak monophasic waveforms due to different stages of limb ischemia. Figure 4A 
is weak monophasic with a peak velocity of about 30 cm/s; Figure 4B is characterised by a peak velocity 
of 30 cm/s as well as a continuous forward flow wave, which is absent in Figure 4A. 
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For newly referred patients who had indications of revascularisation, angiography of each 

segment of the lower-limb arteries was employed. Since the accuracy of the visual assessment of 

intervention has been disputed by physicians65, a standardised quantitative analysis method was 

used instead of a visual angiogram (Sanders Data Systems, USA), and the major lesion was 

calculated automatically and recorded as a percentage of stenosis60. Figure 5 shows an example 

of a quantitative analysis of stenosis in PAD cases.  

Based on the quantitative grades of stenosis, the overall pathological locations and severity were 

accumulated according to the Bowling scoring system66: PAD was confirmed with any segment 

of haemodynamic related stenosis (> 50% diameter reduction); stenosis was further semi-

quantitatively scored as 0 < 50%, 1 < 75% and 2 > 75% of obstructive lesions. When there were 

multiple stenosis in one limb, the highest score was used in the analysis. 

 
Figure 5 Quantitative vascular analysis produced during the procedure using Sanders Data Systems 
(USA). The red lines are the reconstructed reference contours and are marked in the image along the 
vascular wall, while the yellow area represents the stenosis lesion in this selected angiographic view. The 
actual obstruction diameter was 1.17 mm, and the referred diameter of the narrowing lesion was 3.46 mm, 
yielding a percentage diameter stenosis of 66%.  

3.6 Endovascular procedure and post-intervention surveillance  

For 25 newly suspicious PAD patents who suffered from severe or high-grade lesions, 

ultrasound-derived ACCmax and RPSI assessments were conducted one day before angiography 

as baseline parameters and one day thereafter as surveillance variables. The revascularisation 

procedures have been reviewed elsewhere59. Traditional post-intervention surveillance is 

conducted using a duplex ultrasound at the recurrence of ischemic symptoms, or performed once 

a year after the revascularization. The pulsed wave Doppler and colour Doppler could 

characterise the revascularized vessels. In the current study, the aim was to estimate the severity 
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of the distant perfusion deficit before revascularisation and the haemodynamic improvement 

after revascularisation using the values of ACCmax and RPSI67.  

3.7 Practice of modulating ACCmax and RPSI-derived FSS under ECP pressure 

The 18 healthy volunteers underwent one session of standard ECP treatment. The ultrasound-

derived ACCmax and RPSI evaluations were measured on carotis. The pressure of the ECP 

device increased every 5 minutes in the sequence of 40 mmHg, 80 mmHg, 120 mmHg, 160 

mmHg and 200 mmHg. The various haemodynamic parameters were collected from each 

volunteer, as illustrated by Table 2.  

Table 2  Pressure values during the examination of flow 

 

3.8 Statistics 

The number of required samples was statistically estimated before the clinical study to obtain the 

statistical power of 80%. The numerical data were first tested for normal distribution by 

Kolmogorov-Smirnov tests. When the data were non-normally distributed, the descriptive 

statistics for quantitative measures were median and quartiles (25th and 75th percentiles). The 

categories were described as absolute and relative (%) frequencies. The groups defined by PAD 

status were compared using the Wilcoxon rank sum test or Fisher’s exact test, as appropriate. To 

determine the diagnostic properties, the haemodynamic measures were evaluated using the ROC 

analysis. The AUC and optimal threshold were set as defined by the Youden criterion, which 

maximises the distance to the diagonal identity. Additional thresholds were determined for 

sensitivity or specificity of 90%. For these thresholds, sensitivity, specificity, PPV and NPV 

were reported. The relations between measures were explored graphically by a linear regression, 

non-linear regression (local polynomial regression fitting LOESS) and quadratic regression. 

Quadratic regression models were computed with an R2 value. Two approaches were explored to 

combine different diagnostic methods. The first approach involved using the logistic regression 

as a linear model, which utilised the complete data set of each individual. Based on the predicted 

probabilities for PAD, subjects with a probability > 50% were classified as test-positive, and the 

diagnostic properties were calculated accordingly. The second approach involved a parallel test, 
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which was used to identify a subset as a screen test positive with any positive result from 

ACCmax, RPSI or ABI. The statistical analysis was performed using R language, and the tests 

were considered to be significant if the two-side P value was < 0.05.  
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4 Results 

4.1 Diagnosis of PAD 

4.1.1 Demographic variables 

There were 91 non-diabetic participants and 77 diabetic participants. Among the 168 participants, 

all haemodynamic parameters of each available infrapopliteal artery were recorded. The baseline 

characteristics of all 168 participants (arteries, n = 310) are presented in Table 3.  

Furthermore, demographic variables were collected, including incidence of blood hypertension 

(systolic Bp > 140 mmHg, diastolic Bp > 90 mmHg or both; or under control using of Bp-

lowering therapy), diabetes (self-documented presence of high levels of blood sugar, or use of 

anti-diabetic medicine or insulins), dyslipidaemia (self-documented presence of dyslipidaemia, 

or use of anti-dyslipidaemia medicines), coronary vascular disease (CVD) (documented history 

of myocardial infarction, acute coronary syndrome, percutaneous coronary intervention or 

coronary artery bypass graft) and chronic kidney disease (CKD) (defined as a moderate 

reduction in the glomerular filtration rate (30–59 ml/min/1.73 m2)).  

In each diabetic and non-diabetic group, about 50% of patients suffered from PAD. Similarly, 

there was no distinction in the distribution of patients suffering from CAD, CKD and ABI within 

the diabetic or non-diabetic groups; however, Table 3 shows that more HBP (blood hypertension) 

patients were included in the non-diabetic group. 

Table 3 Baseline characteristics of all study participants, including non-diabetic and diabetic populations 

 
Non-Diabetic Population 

(n = 150)* 

Diabetic Population 

(n = 160)* 
P-value 

Age 69 ± 8 69 ± 10 0.397 

Gender (F/M) 56/94 46/114 0.15 

CVD (no/yes) 39/111 27/133 0.05 

CKD (no/yes) 100/35 108/39 0.91 

HBP (no/yes) 36/114 20/140 0.009 

PAD (no/yes) 73/77 84/76 0.50 

ABI 0.97 ± 0.32 1.04 ± 0.38 0.06 

ATA/ATP 87/63 80/80 0.52 

* Sample size n refers to the number of arteries. 

4.1.2 Technical applicability 

The waveforms of varying pathological appearances were displayed quantitatively, and the 

values are given in Figure 6A-D. Figure 6A shows an example of the flow measurement on the 
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tibial arteries of PAD in unaffected patients using a Doppler-derived device. Figure 6B-D shows 

examples of Doppler-device measurements on the tibial arteries of PAD-affected patients. The 

waveform patterns exhibited different signals, such as fine monophasic signals, weak 

monophasic signals and weak monophasic signals complicated by a diastolic forward flow 

(Figure 6B-D). Different velocity profiles under ultrasound beams were then sampled by 

applying the spectrum analysis algorithm using MATLAB (layout II of Figure 6A-D). On the 

digitalised flow velocity profile, the X-axis represents the time (in seconds), and the Y-axis 

represents the velocity of the blood flow (in mm2/s). The averages of the velocity curves are 

indicated by the green lines (layout III of Figure 6A-D). The mean velocity from one cardiac 

cycle and the corresponding maximal acceleration were assessed to calculate RPSI. The 

statistical test showed that the measurement error was lower than 5% (data not shown). 

Combining the qualitative and quantitative validation, the real-time spectrum analysis was robust 

for the transformation and measurement of varying Doppler signals of tibial arteries. 

 
Figure 6  Examples showing the procedure of the Gefäßtachometer programme. A. Triphasic waveform. 
B. Fine monophasic signals. C. Weak monophasic signals. D. Weak monophasic signals complicated by a 
diastolic forward flow. I. Waveform captured within 15 seconds under pulse-waved mode. II. 
Computational contoured curves during the systolic phase. III. Ensemble of velocity-time curve using the 
average method. The black cross represents the dot with maximal acceleration. On each figure, the X-axis 
represents the time (in seconds), and the Y-axis represents the velocity values of blood flow (in cm/s).  
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4.1.3 Haemodynamic characteristics 

The Doppler-derived ACCmax and RPSI data measured in PAD and non-PAD patients are 

shown in Figure 7. In line with the method of ABI calculation, the ratio of ACCmax on legs and 

arms was also analysed and defined as the ACCmax-ratio. Due to non-normal distribution, 

median and quantiles were calculated: ACCmax-ratio values were 790 (589/1056) cm/s2 and 396 

(262/564) cm/s2, RPSI-ratio values were 98 (75/130) s-1 and 53 (24/97) s-1, and ACCmax-ratio 

values were 1.03 (0.75/1.47) and 0.62 (0.36/1.19) in PAD and non-PAD, respectively. After 

applying the Wilcoxon rank sum test, all values showed statistical differences between the PAD 

and non-PAD groups (P < 0.005).  

 
Figure 7 Comparison between the non-PAD group and PAD group in terms of ACCmax values, RPSI 
values and ACCmax-Ratio values. ACCmax: systolic maximal acceleration; RPSI: relative pulse slope 
index. A. ACCmax in non-PAD and PAD groups were 944.58 ± 373.42 cm/s2 and 421.16 ± 194.62 cm/s2 
(p = 0.000 < 0.005), respectively. B. RPSI in non-PAD and PAD groups were 105.67 ± 49.68 s-1 and 
64.27 ± 46.38 s-1 (p = 0.000 < 0.005), respectively. C. ACCmax-ratio in non-PAD and PAD groups were 
1.03 ± 0.25 and 0.62 ± 0.39 (p > 0.05), respectively. 
*Similar to the ABI calculation, the ACCmax-ratio was defined as the quotient of ACCmax on the leg 
and arm. 

To compare the haemodynamic characteristics between different stages of PAD, the waveform 

characteristics and flow velocity were taken into account. Samples were sub-grouped as 

physiological signals, fine monophasic signals, weak monophasic signals and weak monophasic 

signals complicated by a diastolic forward flow (n = 152, 58, 64, 35). In each sub-group of 

physiological signals, fine monophasic signals, weak monophasic signals and weak monophasic 

signals complicated by a diastolic forward flow, the ACCmax values were 924 ± 370 cm/s2, 505 

± 169 cm/s2, 459 ± 132 cm/s2 and 191 ± 119 cm/s2, respectively, and the RPSI values were 105 ± 

43 s-1, 57 ± 33 s-1, 116 ± 55 s-1 and 19 ± 15 s-1, respectively (Figure 8). It was observed that 

ACCmax was similar between the fine monophasic sub-group and the weak monophasic sub-

group, but RPSI showed a significant difference between them (P< 0.01). 
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Figure 8 Comparison of haemodynamic values between different waveform sub-groups. A. Comparison 
of ACCmax values between different waveform sub-groups. B. Comparison of RPSI values between 
different waveform sub-groups. 

To determine whether the new parameters and ABI were comparable, the association between 

ACCmax and ABI as well as the association between RPSI and ABI were assessed using a 

regression analysis (Figure 9A, Figure 9B). Linear, quadratic and logarithmic analyses were 

conducted, and the strongest association was established by a quadratic relationship. The 

adjusted coefficient of determination (R2) was 0.131 for the association between ACCmax and 

ABI, and R2 was 0.083 for the association between RPSI and ABI. Figure 9A demonstrates the 

pair of ACCmax and ABI in all samples, non-diabetic samples and diabetic samples, 

respectively; Figure 9B shows the pair of RPSI and ABI in all samples, non-diabetic samples 

and diabetic samples, respectively. The red points represent non-PAD, and the blue points 

represent PAD. The quantitative analysis of the diagnostic performance of ABI and ACCmax 

showed that false negative ABI values were observed in the range of ABI of 0.9–1.3 as well as ≥ 

1.30, while ACCmax values were unequivocally lower in the PAD samples than in non-PAD 

samples. 

 
Figure 9  The correlation between novel parameters and ABI values. A. Association analysis between 
ACCmax and ABI. Quadratic regression was computed with adjusted R2 = 0.131 (P < 0.01). B. The 
association analysis between RPSI and ABI; quadratic regression with adjusted R2 = 0.083. 
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During the evaluation of the angiography results, the degree of stenosis from the iliac artery to 

the tibial artery was semi-quantitatively measured. When there were multiple stenosis in one 

artery, the most severe was chosen, and then the percentage of stenosis was calculated. The 

associations between the percentage of stenosis and the new parameters of the ACCmax, RPSI 

and ACCmax-ratio (in each Figure 10A, 10B and 10C) were analysed. They showed that the 

ACCmax values decreased steadily in inverse proportion with the increasing stenosis degree. 

Likewise, the RPSI values and ACCmax-ratio values showed lower values when stenosis was 

exacerbated. The association coefficient of ACCmax was more significant than that of RPSI and 

ACCmax-ratio. 

 
Figure 10 The correlation between novel parameters and stenosis percentage. A. Correlation between 
ACCmax values and degree of stenosis using a quantitative evaluation adjusted R2 = 0.36 (P < 0.001). B. 
Correlation between RPSI values and degree of stenosis using a quantitative evaluation adjusted R2 = 
0.173 (P < 0.001). C. Correlation between ACCmax-ratio values and degree of stenosis using a 
quantitative evaluation adjusted R2  = 0.116 (P < 0.001). 

4.1.4 Diagnostic cut-off values in non-diabetic and diabetic populations, respectively 

To validate the diagnostic thresholds in non-diabetic populations, 131 artery properties from 80 

non-diabetic participants were analysed. Fifty-seven records were from non-PAD participants, 

and 74 were from PAD participants. Angiography was used as the gold standard. In general, the 

diagnostic reliability of ACCmax was higher compared with that of RPSI. The results showed 

that the area under the curves (AUC) of ACCmax and RPSI were 0.88 and 0.73, respectively, in 

the non-diabetic population (Figure 11A). Furthermore, the AUC of ABI and ACCmax-ratio 
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were 0.75 and 0.72, respectively. The optimal ACCmax cut-off of 503 cm/s2 had a sensitivity of 

74%, a specificity of 88%, accuracy of 82%, an NPV of 81% and a PPV of 83%. The optimal 

RPSI cut-off of 58 s-1 had a sensitivity of 46%, a specificity of 93%, accuracy of 72%, an NPV 

of 68% and a PPV of 83%. 

As a screening test, the ACCmax, RPSI and ACCmax-ratio were observed to better predict 

PAD- affected participants. A threshold with a sensitivity of 90% was observed (Figure 11B, 

Figure 11C and Figure 11D). The ACCmax threshold with a sensitivity of 90% was 693 cm/s2 

(specificity of 60%, accuracy of 74%, NPV of 89% and PPV of 65%). In addition, thresholds 

with a specificity of 90% were also calculated to better exclude PAD-unaffected participants. 

The ACCmax threshold with a specificity of 90% was 476 cm/s2 (sensitivity of 68%, accuracy of 

80%, NPV of 78% and PPV of 85%). The extra thresholds of RPSI and of ACCmax-ratio failed 

to demonstrate the diagnostic performance of ACCmax.  

 
Figure 11  The diagnostic performance of new parameters in non-diabetic populations. A. ROC curve 
of RPSI, ACCmax, ACCmax-ratio and ABI. B. Cut-off values of ACCmax. C. Cut-off values of RPSI, 
and the P value against the performance of ACCmax is < 0.05. D. Cut-off values of ACCmax-ratio, and 
the P value against the performance of ACCmax is < 0.05. 
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In diabetic populations, 160 artery properties were analysed. Among them, 84 records were non-

PAD, and 76 were PAD. The AUC was 0.85 and 0.74 with ACCmax and RPSI measurements, 

respectively, based on the ROC analysis (Figure 12A). The performances of ABI and ACCmax-

ratio had an AUC of 0.70 and 0.67, respectively. In the diabetic population, the optimal threshold 

of ACCmax was calculated to be 444 cm/s2, with a PPV of 96% and an NPV of 72%. The 

optimal threshold of RPSI was calculated to be 74 s-1 in the diabetic population, with a PPV of 

91% and an NPV of 71%. 

For the diabetic populations, the thresholds of ACCmax, RPSI and ACCmax-ratio were also 

calculated with a sensitivity of 90% (Figure 12B, Figure 12C and Figure 12D). The ACCmax 

threshold with a sensitivity of 90% was 745 cm/s2 (specificity of 58%, accuracy of 73%, NPV of 

87% and PPV of 66%). The thresholds with a specificity of 90% were also calculated to better 

exclude PAD-unaffected participants. The ACCmax threshold with a specificity of 90% was 489 

cm/s2 (sensitivity of 61%, accuracy of 77%, NPV of 72% and PPV of 85%). The extra thresholds 

of RPSI and the ACCmax ratio failed to demonstrate the diagnostic performance of ACCmax.  

 
Figure 12  The diagnostic performance of new parameters in diabetic populations. A. ROC analysis of 
ACCmax and RPSI in the diabetic population. B. Cut-off values of ACCmax. C. Cut-off values of RPSI, 
and the P value against the performance of ACCmax is < 0.05. D. Cut-off values of ACCmax-ratio, and 
the P value against the performance of ACCmax is < 0.05. 
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4.1.5 Diagnostic strategy with combination models  

Based on the information regarding the respective diagnostic performances of ACCmax, RPSI, 

ACCmax-ratio and ABI, we further investigated whether a more accurate prediction would be 

obtained by combining the indices. The multi-variable deviance test showed that the significance 

level of ACCmax was less than 0.001, and that of ABI was less than 0.01 (Figure 13B). Using 

the logistic regression model, the probability value of the presence of PAD was calculated for 

each subject. Subsequently, the ROC analysis was applied to evaluate the diagnostic 

performance of the newly calculated possibility values (Figure 13A). The optimal threshold of 

probability values was 0.52 using the maximal Youden Index, and the additional threshold was 

computed as 0.32 with 90% of sensitivity and 0.61 with 90% of specificity (Figure 13C). The 

comparison between the logistic regression model and the single ACCmax method showed a 

similar level of AUC.  

 
Figure 13  A. ROC curve obtained from diabetic patients’ data; AUC of combining approach is 87%. B. 
Analysis of Deviance Table (Type II tests). Significant level was marked with ** or ***. C. The cut-off 
values of the compositional prediction against the performance of ACCmax are < 0.05. 

Next, whether or not the diagnostic performance could be improved using the parallel test 

method was investigated. In this analysis, the diagnostic standard for PAD was either the 

positive value of ACCmax or the positive value of RPSI. The cut-off values of ACCmax and 

RPSI were < 503 cm/s2 and < 58 s-1, respectively, based on the results of the single parameter 

evaluation. The threshold of ABI was < 0.9. The parallel process is shown in Figure 14. In non-
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PAD patients (panels A and B), false positive results were < 10% for either the parallel test or 

ABI measures. Comparing panel C with panel D, more false positives were observed with the 

ABI measures (blue points) in diabetics (panel D) than in non-diabetics (panel C). The parallel 

test detected a large number of missing points with ABI measures (blue points inside the yellow 

and green areas).  

 
Figure 14  Parallel test using measures of ACCmax and RPSI. In each panel, the threshold of ACCmax 
was shown as < 503 cm/s2 and as < 58 s-1 for RPSI. Thus, the green zone shows the double positive 
values of ACCmax and RPSI; the pink zone shows individuals with double negative parameters. The 
yellow zone shows individuals with single positive parameters. 

The diagnostic efficiency of the parallel test and the ABI method was calculated and compared 

in both the non-diabetic and diabetic groups (Figure 15). Consistent with the scatter distribution 

in Figure 14, the parallel test achieved a considerable level of specificity (95%) in diabetic 

populations, which was much higher than the ABI method. The sensitivity of the parallel test 

was also higher than the ABI method both in diabetic and non-diabetic populations. 

 
Figure 15 Comparison of diagnostic sensitivity, specificity and accuracy in diabetic and non-diabetic 
groups. 
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The two combinational models revealed that the shortcoming of the logistic regression was the 

absence of recursion and that the models could compensate for the imperfections of the parallel 

test. Therefore, a more complex approach of a regression tree (one data mining technique) was 

investigated, which defined a set of rules instead of relying on predefined thresholds. Thus, splits 

can be made based on surrogates. Furthermore, no assumptions were made regarding the 

linearity of the relation between diagnostic measures and the risk of PAD. In this analysis, cross-

validation based on a jack-knife procedure was applied. Each patient was classified based on a 

regression tree build on all members of the study. Similar leave-one-out classifications were 

done for all other tests of diagnostic properties, as the same circular problem applies (Figure 16). 

The diagnostic sensitivity and specificity increased simultaneously. In diabetic participants, the 

sensitivity increased to 88%, and the specificity increased to 84%.  

 

 
Figure 16 The combination model of a decision tree. A. An exploratory example of a decision tree 
in diabetic participants. B. Diagnostic properties using a decision tree. The sensitivity of all participants 
was 81%, but it was improved in particular diabetic participants to 88%. 

A 

B 
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4.2 Post-revascularisation surveillance 

In the second part of this work, 25 PAD patients who were subjected to an invasive 

revascularisation procedure were enrolled. Therefore, ACCmax and RPSI were measured on 44 

distal tibial arteries. Individual comparisons were conducted using measurements one day before 

intervention and one day after intervention. The changes in the haemodynamic variables of 

ACCmax, RPSI and ACCmax-ratio are shown in Table 4. It is apparent that the ACCmax values 

increased, whereas the RPSI values decreased after revascularisation. Both of these alterations 

had significant differences before and after revascularisation. 

Table 4  Haemodynamic variables before and after revascularisation.  

* ACCmax-ratio was calculated as ACCmax (leg)/ACCmax (brachialis). 
 Before After Difference P value 

ACCmax(leg) (cm/s2) 427.83 ± 171.67 509.30 ± 171.23 81.48 ± 159.50 0.002 

RPSI(leg) (s-1) 82.17 ± 58.76 64.08 ± 39.65 -18.09 ± 50.56 0.022 

Vmean(leg) (cm/s) 7.04 ± 3.80 9.63 ± 4.09 2.58 ± 4.17 0.003 

ACCmax-ratio 0.61 ± 0.31 0.65 ± 0.50  0.442 

Moreover, in order to evaluate the correlation between improvement of haemodynamic values 

(dACCmax and dRPSI) and their baseline levels, regression analysis was computed between 

dACCmax and baseline ACCmax, dRPSI and baseline RPSI respectively. A strong correlation 

between dACCmax and the base level of ACCmax was observed, as well as the correlation 

between dRPSI and the base level of RPSI (Figure 17A, Figure 17B). As shown in decreasing 

tendency in both figures, the moderate level of baseline ACCmax or RPSI was correlated with 

the moderate improvement of ACCmax or RPSI; the low level of baseline ACCmax or RPSI was 

correlated with a high level of improvement of ACCmax or RPSI.   

 
Figure 17  The correlation between base levels of ACCmax and RPSI and the improvement of ACCmax 
and RPSI. dACCmax: ACCmax before revascularisation subtracted from ACCmax thereafter; dRPSI: 
RPSI before revascularisation subtracted from RPSI thereafter. A. The correlation between the 
improvement of ACCmax (dACCmax) and the base level of ACCmax (Pearson coefficient: -0.467, 0.01 
level). B. The correlation between the improvement of RPSI (dRPSI) and the base level of RPSI (Pearson 
coefficient: -0.747, 0.01 level).  
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In addition, differences of hemodynamic flow parameters were measured in the anterior tibial 

artery (ATA) and the posterior tibial arterial (ATP) from each lower limb. (Note: in some 

patients, only one artery were examined because of an acute or chronic occlusion of the second 

tibial artery). Considering the change of Vmean, ACCmax and RPSI before and after 

revascularization, the in-pair t-test showed no difference between the haemodynamic indices of 

dVmean, dACCmax, dRPSI from ATP and from ATA of the same leg (Table 5). 

Table 5  Comparison of changes in the haemodynamic indices from the ATP and ATA of the same leg 
 ATA ATP 

dVmean 2.70 ± 3.94 3.59 ± 3.94 

dACCmax 55.82 ± 182.21 104.59 ± 134.02 

dRPSI -28.41 ± 61.40 -14.91 ± 42.75 

4.3 The real-time dynamics of ACCmax and RPSI under ECP  

In the third part of the study, the dynamic changes of ACCmax and RPSI values of carotis under 

ECP treatment within 18 healthy volunteers were observed, in order to investigate the reaction of 

ACCmax and RPSI under acute flow changes. Considering the pro-arteriogenic effect and FSS-

enhancing mechanism of ECP, we aimed to explore the optimal ECP pressure for increasing the 

flow to archive the highest FSS values. Therefore, ACCmax and RPSI changes were investigated. 

Even though the correlations between various haemodynamic values and ECP pressure were not 

observed generally (shown in Table 6), haemodynamic values reacted to ECP pressure 

individually different, and some individuals showed obvious change of haemodynamic values 

along with the increasing of ECP pressure (shown in Figure 18).  

Table 6 Haemodynamic parameters under one session of ECP. A. The treatments were done in a 
succession of 0 mmHg, 40 mmHg, 80 mmHg, 160 mmHg and 200 mmHg, and these measures were 
observed: Vmean, systolic ACCmax, systolic RPSI, diastolic ACCmax and diastolic RPSI. 

Carotis 0 mmHg 40 mmHg 80 mmHg 120 mmHg 160 mmHg 200 mmHg 

Vmean 30.1 ± 4.11 30.03 ± 4.37 30.68 ± 4.87 29.53 ± 4.08 29.87 ± 5.22 31.12 ± 4.36 

SysAmax 1199.5 ± 141.8 1199.5 ± 129.9 1257.1 ± 218.8 1216.7 ± 185.4 1286.4 ± 195.0 1271.7 ± 217.7 

Sys RPSI 41.78 ± 8.27 42.19 ± 7.97 43.00 ± 7.76 44.76 ± 10.09 45.97 ± 8.71 44.84 ± 11.70 

Dias Amax 256.13 ± 93.4 243.86 ± 68.9 236.30 ± 87.3 265.70 ± 92.7 278.88 ± 101.2 271.95 ± 105.7 

Dias RPSI 9.13 ± 4.49 8.47 ± 2.38 7.81 ± 2.37 9.19 ± 2.25 9.64 ± 2.71 9.11 ± 3.31 

Taking the increasing diastolic pressure under ECP treatment into account, the diastolic 

ACCmax changes in response to different ECP treatment pressures were investigated in more 

detail. As shown in Figure 18, the divergent change tendencies of diastolic ACCmax values 

under ECP pressure were observed in each individual. Among them, it was observed that the 

maximal amplitude of diastolic ACCmax increased approximately 200%, which is shown in pi01, 
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pi03, pi05, pi07, pi14, pi18, pi21, pi22 and pi23 of Figure 18. 

 

 
Figure 18  Scatter-plot of diastolic ACCmax values from each participant under the sequence of ECP 
pressures (pi01–pi23). The X-axis represents the pressure of the ECP machine in which 1, 2, 3, 4, 5 and 6 
represent 0 mmHg, 40 mmHg, 80 mmHg, 120 mmHg, 160 mmHg and 200 mmHg, respectively. The Y-
axis represents the diastolic ACCmax values with a dimension of cm/s2.  
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5 Discussion 

In the last 20 years, complex reconstruction techniques (e.g. 3D Doppler) have provided 

numerous advancements for the quantitative analysis of blood flow; however, the simpler 1D 

analysis models, such as Doppler measurements, have recently been used because they can 

simplify conditions for a more global patient-specific context68. In this study, a comprehensive 

screening of ACCmax and RPSI as novel diagnostic parameters for use in the 1D analysis of 

PAD was performed. 

First, this work presents a clinical study in which the novel diagnostic parameters ACCmax and 

RPSI were evaluated in 168 patients to diagnose PAD in a diabetic population. The calculations 

showed that the optimal threshold for ACCmax to detect PAD was 444 cm/s2. The positive 

predictive value (PPV) was 96%, and the negative predictive value (NPV) was 72%. Likewise, 

the optimal threshold of RPSI to detect PAD was calculated to be 74 s-1 in the diabetic 

population, with a PPV of 91% and an NPV of 71%. In summary, compared to the traditional 

ABI method, the diagnostic PPV were increased by 22% using the ACCmax method and by 17% 

using the RPSI method. Furthermore, combining ACCmax and RPSI in a parallel test increased 

the diagnostic specificity to 95% in the diabetic population.  

In a second study, a population of 25 PAD patients were enrolled, and 44 tibial arteries were 

evaluated before and after revascularisation. The average of ACCmax was 427.83 ± 171.67 

cm/s2 before revascularisation and 509.30 ± 171.23 cm/s2 (P = 0.002) after revascularisation. 

The average of RPSI before revascularisation was 82.17 ± 58.76 s-1, and it was 64.08 ± 39.65 s-1 

after revascularisation. Both parameters demonstrated feasibility for monitoring PAD after 

revascularisation, which is promising in replacing ABI as a surveillance approach (5.3). 

In the third part of the study, the dynamic changes of ACCmax and RPSI of carotis under ECP 

treatment were examined at different treatment pressures using 18 healthy volunteers. Under 0 

mmHg, 80 mmHg and 160 mmHg treatment pressures, ACCmax were 1239.54 ± 20.40 cm/s2, 

1331.83 ± 12.85 cm/s2 and 1329.92 ± 195.34 cm/s2, respectively (P < 0.05), and RPSI were 

41.67 ± 5.66 s-1, 45.31 ± 7.12 s-1 and 48.72 ± 7.10 s-1, respectively (P < 0.05). The 

haemodynamics of participants reacted differently on an individual basis to the increase of ECP 

pressure, and the maximal amplitude of diastolic ACCmax was approximately 200% of the base-

level of diastolic ACCmax.  
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5.1 Validation of the Gefäßtachometer approach on peripheral arteries 

Recurrent concerns regarding several 1D analysis models are the accuracy of model predictions 

and the physiological relevance of results. The focus of this study was the quantitative evaluation 

of waveforms and the calculation of initial acceleration and mean velocity to establish a fast 

screening test for distal blood perfusions. Therefore, the measurement models were designed and 

validated in three study populations: (1) PAD-unaffected patients, who had a standard arterial 

flow and haemodynamic characteristics; (2) PAD-affected patients, who had different ranges of 

vascular lesions; and (3) patients post-revascularisation and ECP intervention, who had dynamic 

changes in arterial flow. Because the study was designed to be a prospective diagnostic study 

and all relevant participants had a high risk for PAD, samples from PAD-unaffected patients 

were still affected by subclinical pathological alterations and could not be considered samples 

from healthy young adults. Thus, the study participants properly reflected the clinical situation.  

A vascular-unaffected patient can be used as an example to demonstrate the analysis procedure 

in Figure 6A. The diagram shows good agreement between computational predictions and 

Doppler measurements. On the other hand, Figure 6 shows that in the vascular pathological 

population (PAD patients in this study), the flow velocity patterns exhibit different alterations of 

the velocity signal, such as the delay of the acceleration slope, depression of the wave peak and 

extension of the systolic period. These ischemic characteristics were measured by a Doppler 

device and then translated into a computer-assisted mathematically lossless procedure (Figure 

6B, Figure 6C and Figure 6D). Moreover, intra- and inter-individual differences of arterial flow 

adaption mechanisms were measured in patients after revascularisation or one-time ECP 

intervention. Whether the data were collected one day after intervention (revascularisation) or 

during real-time ECP treatment, the velocity patterns showed agreement between the measured 

curves and the computer-calculated curves under the condition that the wall properties were 

displayed correctly and clearly. 

The basic and key issues for the application of ultrasounds in assessing ACCmax and RPSI 

depend on the accurate estimation of instantaneous maximum blood flow velocity waveforms in 

a large range of the frequencies. It is well-known that the instantaneously maximum blood flow 

velocity is proportional to the instantaneously maximal frequency (Fmax) of the Doppler 

frequency spectrum, and Fmax is obtained using the modified geometric method (MGM)58. 

Maximum Doppler frequency refers to the maximal vertical distance between the integrated 

spectrums and the reference line. Hence, the velocity curve was obtained using a computational 
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approach. In this study, the Gefäßtachometer programme was applied to MGM to estimate the 

maximum Doppler frequency.  

The analogue signal of acceleration is not yet available in the current Doppler system, but as first 

proposed by Hanni NS et al.69, it could be obtained through the external differentiation of the 

velocity waveform. With a time-resolution of 15ms and a moving average filter of a 3-point 

smoothing algorithm, the programme could calculate the instantaneous first derivative, or the 

instantaneous blood acceleration70. In this study, the ensemble-velocity curve procedure was 

performed before calculation, and the velocimetic values of the ensemble line were the 

mathematical average of each curve collected in 15s. Therefore, the inter-beat variability was 

reduced, and the accuracy of this technique was improved.  

Utilising the Doppler ultrasound for the detection of PAD has been reviewed previously61. In a 

spectral Doppler waveform analysis, the normal waveform profile is triphasic. The first 

component resulting from the initial systolic forward flow. Next, in the early diastolic phase, 

there is a flow reversal reflecting the decreasing of left ventricular pressure before aortic valve 

closure. In the late diastole phase, a small amount of forward flow is the consequence of the 

vascular elastic recoil. In a pathological situation, on the one hand, the diastolic component of a 

normal triphasic signal is absent due to a stiff atherosclerotic change; on the other hand, the 

waveform shape is also determined by the blood flow resistance of distal arteries or the degree of 

dilation in the distal resistance arterioles. In the progression of PAD, long-time ischemia could 

lead to over-dilated arterioles distally on the feet and could cause increased susceptibility to 

amputation. In this study, severe ischemic Doppler signals were examined, and a further sub-

classification was designed: the latter pathological situation demonstrates a signal similar to the 

waveform of an internal carotid artery and has a Vmax of less than 30 cm/s, which was sub-

classified as a weak monophasic signal. 

Therefore, the novel quantitative analysis method of pulsatile flow has an important 

complimentary role in the traditional Doppler system, which could be used to compute the 

haemodynamic characteristics of ACCmax and RPSI. 

5.2 Diagnostic application in screening PAD patients 

In light of the limitations of ABI for assessing PAD, the measurement of interior blood flow is a 

promising new concept. Due to its independence from vascular wall changes, the flow 

measurements are more precise than ABI. The 1D analysis-based flow measurement is much 
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easier to perform. While 3D methodologies have contributed to a large number of advancements, 

they require sophisticated methodologies and are time-consuming71-73. 

In 2006, the application of the quantification of systolic acceleration for detecting stenosis was 

first proposed in clinical research in the context of renal arterial stenosis74. This method was 

subsequently transferred to peripheral artery research in 201031. These are breakthrough concepts; 

however, these methods are not yet widely used in the routine monitoring and assessment of 

arterial stenosis due to a number of limitations. First, the previous data collection process is 

dependent on the operator’s experience, and the results vary due to the occasional increase of 

signal-to-noise ratio. Second, the detection of maximal acceleration is susceptible to artificial 

errors during the identification of slope outlines, which was remarkably improved through the 

computational output of Fmax and wave outlines. While the error between the visual and 

computed detection of ACCmax would be minimal in healthy vascular populations, the error 

would be relevant in the vascular disease population due to the delay of the slope in pathological 

states compared with healthy states. Third, due to the limitations of ABI, it is not reliable as a 

gold standard in a diagnostic study. Furthermore, ACCmax characterises the initial slope but 

neglects the haemodynamic information during the whole heartbeat, which has been repeatedly 

reviewed in recent literature75-77. 

All the aforementioned methodological pitfalls have been addressed in our study. The first two 

limitations were addressed through applying a computerised analogue (Figure 5). In this way, 

original Doppler signals were maintained at a maximal level, in comparison with signal loss 

during the pre-process of commonly commercial Doppler system. As for assessment of ACCmax 

and RPSI, a standard computerised process minimised the artificial error. For the third limitation, 

according the guideline59, angiography was used as the gold standard in our study, as shown in 

Figure 6. The close accordance between our ACCmax values and the percentage of stenosis 

using angiography as well as the further considerable performance of the ROC analysis favoured 

the use of Doppler-derived ACCmax and RPSI to predict PAD and its degree. Similar to the 

study by Tongeren et al., we also performed the correlation analysis between ACCmax and ABI, 

but it turned out to be weak. On one hand, the weak correlation resulted from the different 

definitions of PAD from our study than the research of Tongeren et al. On the other hand, the 

weak correlation between ACCmax and ABI indicated that ACCmax and ABI were independent 

and non-substituent diagnostic tools because different aspects of haemodynamics are observed. 

For the last limitation, RPSI – by taking the Vmean of the systolic and diastolic phases into 

account – serves ingeniously as an additional parameter to ACCmax, even though RPSI solely 
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cannot make a diagnosis of PAD. For example, given two patients with similar ACCmax values 

but different Doppler waveform and mean flow velocity values, the slow and continuous forward 

flow could be discriminated via a low level of RPSI. This characteristic was in agreement with 

our group’s finding in 2010 that RPSI could discriminate the pulsatility of arteries from veins32, 

and the current study represents the first time that RPSI has been validated in real patients.  

For diagnostic studies, an appropriate sample size is the premise for statistical efficiency. The 

sample size in this study was estimated according to a previous incidence of PAD, because from 

a statistical perspective, the incidence of disease plays an indispensable role in determining PPV 

and NPV. The proportion of PAD and non-PAD samples was approximately 1:1. The 

participants were recruited from a clinic vascular laboratory and met the criteria for high-risk 

factors. With an equivalence of 5% and a statistical power of more than 80%, it is reasonable to 

accept the sample size as representative of the entire potential population for vascular disease.  

The distributions of ACCmax and RPSI had statistically significant differences between the non-

PAD group and PAD group (Figure 7), which indicated their potential to serve as diagnostic 

parameters. The performance of ACCmax was in agreement with the research of Tongeren et 

al31. 

While the distributions of ACCmax were more clearly differentiated than that of RPSI, RPSI 

offered superior benefits in characterising different stages of PAD by identifying waveform 

subgroups. Figure 8 shows that the RPSI values increased significantly when monophasic 

signals weakened, and the RPSI values decreased significantly when signals weakened further to 

weak monophasic signals and a continuous forward flow.  

The weak correlation demonstrated in Figure 9, including the correlations between ACCmax 

and ABI and the correlation between RPSI and ABI, did not reduce the diagnostic reliability of 

ACCmax and RPSI. Contrarily, they indicated that new parameters of ACCmax and RPSI and 

traditional ABI were independent and non-substituent diagnostic tools because different aspects 

of haemodynamics were observed. Interestingly, in Figure 9A and Figure 9B, by observing the 

distributions of the scatters of two different colours, false-negative PAD determinations in the 

ABI range of > 1.3 as well as in the ABI range of 0.9-1.3 are shown, which occurred more 

frequently in the diabetic group. This observation is in agreement with previous 

acknowledgements about VCm. Considering the limitation of ABI, the TBI approach was also 

explored in our study. But as published in previous literatures25, the performance of toe blood 
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pressure was not certain in our study. In total, in 44 arteries complicated with VCm, toe blood 

pressure was only available in 18 of them, while it failed to ascertain toe blood pressure 

measurements in the remaining 26 arteries. Due to the limited sample volume, statistical analysis 

was not performed.  

Figure 10 demonstrates the acceptable accordance between the percentage of stenosis and the 

three new assessment parameters, ACCmax, RPSI and ACCmax-ratio; however, there is a 

concern that the association coefficients of R2 were not significantly larger than 0.5. 

Angiography has been commonly recognised as the gold standard, but it does not reflect the 

haemodynamically functional situation. The assessment of ACCmax and RPSI in our study was 

obtained from distal tibial arteries, around the area of the ankle; thus, the values of ACCmax and 

RPSI are independent in terms of the locations of stenosis. But they demonstrated statistically 

significant correlation with the severity of stenosis. The correlation between ACCmax and 

stenosis percentage was at a moderate level, because in some individuals, the results of stenosis 

percentage and the functional parameters of ACCmax and RPSI were inverse. For instance, the 

observed monophasic waveforms could result from one haemodynamically relevant stenosis or 

multiple non-significant atherosclerotic lesions, since blood flow waves attenuated gradually to a 

monophasic pattern and diminished the second and third wave components. On the other hand, 

due to collateral perfusion, proximal occlusion or stenosis of the femoral artery could develop 

into a triphasic signal on a Doppler examination of distal tibial arteries. This highlights the 

significance of evaluating blood perfusion from the distal tibial arteries, since the functional net 

of forward perfusion is a concern.  

For comparing the diagnostic performance of various parameters and thus calculating the 

threshold values, an ROC method was applied in which the principle was AUC, and the best 

threshold was calculated based on the ultimate point, graphically, on the curve to the chance line. 

The diagnostic performance of ACCmax was better than that of RPSI, as the AUC of the former 

was higher (Figure 11 and Figure 12). The double cut-off values with either a sensitivity of 90% 

or a specificity of 90%, which were found by Tongeren et al31, were also reproduced in this 

study; however, the issue involving the grey zone could not be avoided. When using the criteria 

of either ACCmax or RPSI, the determination was based on one characteristic of internal flow. 

In theory, a more accurate prediction would be obtained by combining the advantage of the 

indices of ACCmax, RPSI and ABI. As mentioned, the advantages of RPSI include its assistance 

in differentiating between the stages of PAD. Therefore, three types of combing models were 

used, which are widely accepted in the statistical area of estimating the diagnostic performance.  
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First, the logistic regression (Figure 13) in which one logistic parameter was calculated based on 

the parameters of the ACCmax and ABI of each individual was investigated. Unfortunately, this 

simple mathematic combination did not make full use of the characteristics of each parameter; 

thus, the diagnostic performance of the logistic regression failed to improve significantly 

compared to a single parameter (ACCmax, RPSI or ABI). The AUC of the logistic regression 

was 87%, while the AUC of ACCmax was 85%. 

Second, the parallel test in Figure 14 was investigated, which was used to identify patients with 

either ACCmax of > 444 cm/s2 or RPSI of > 58 s-1, both of which were the thresholds calculated 

using the ROC method of each parameter. On one hand, the parallel test maintained the high 

specificity of ACCmax (98%) and RPSI (95%), which was much higher than that of ABI (83%) 

and the logistic regression (84%). On the other hand, using the parallel test showed a sensitivity 

of 68%, while both ACCmax and RPSI had previously failed to demonstrate a sensitivity > 60%.  

Unfortunately, the sensitivity had not yet improved to more than 80%. Therefore, the data 

mining method, or decision tree, was examined. It can be observed in Figure 16 that the 

determination of PAD was achieved through 5 layers of cut-off values by stepping forward into 

one layer after another layer. The behaviours of this network were characterised by the 

computational properties and the connections between them, similar to the synapses of the 

neurons, which is the reason that the technique is called ‘machine learning’. The weight of each 

synapse was determined in a complex series of mathematic equations, but once the parameters of 

ACCmax, RPSI and ABI were included, the output of the PAD diagnosis could be obtained. 

Hence, different haemodynamic features were captured as often as possible. Not surprisingly, the 

sensitivity increased to 88%. Therefore, integrating the computational measurement technique 

and computational determination technique are promising in obtaining a computational diagnosis. 

In addition, high values of ACCmax (> 1000 cm/s2) were frequently observed in the ABI range > 

1.3 (shown in Figure 9), which implicated the existence of VCm. Due to the correlated 

mathematic and physiological principles, it was assumed that high values of ACCmax were 

proportional to high values of pulse wave velocity (PWV) and thus the coexistence of VCm. 

The blood pressure and flow waves can be divided into their respective forward and backward 

components. The forward wave originates from the ejection of the heart and travels to the 

peripheral arterioles, while the backward wave develops due to a large mismatch between 

terminal impedances. It is widely known that in VCm, the increase of PWV results from the 
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combination of the reflected wave to the forward wave, leading to a higher pressure peak in the 

late systolic phase compared to normal healthy wave patterns68, 78 (Figure 19). Further 

observations by Jonathan et al.78 showed that this reflected wave could expand forward again 

and form a re-reflection wave. Thus, it coincides with the mid-systolic forward wave. In other 

words, in cases of VCm, the pressure waveforms of the upstream as well as the waveforms of the 

downstream are transformed due to the addition of the reflected wave, demonstrating as the 

sharp slope of pressure waveform in Figure 19.  

Coming back to our study, velocimetic parameters were observed, including ACCmax, RPSI and 

mean velocity. According to Newton’s second law of motion ( *F m a= ) and Ohm’s law 

( pF
R
∆

= ), we could develop 
*
pa

R m
∆

=  . In this formula, ∆P is the local blood pressure gradient, 

R is the local blood resistance, m is the mass of local blood and a is the blood acceleration.  Thus, 

for a given blood resistance and given blood mass, acceleration is derived from the instantaneous 

maximal derivative of arterial pressure ( p∆ ).  Therefore, the observations of the sharp increase 

of systolic velocity waveforms and high values of ACCmax in our study was similar to sharp 

increase of blood pressure waveform shown in Figure 19. Unfortunately, the approach of PWV 
17, 68 and thus the verification of VCm were not included in this study. 

 
Figure 19 The pressure waves in a young (type A) and older (type B) men and the 
corresponding forward and backward components. AP represents a pronounced late systolic peak 
while PP means the pulse pressure (Taken from Westerhof et al. in 2005). 
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5.3 Advantages of post-intervention controlling 

The long-term patency rate of percutaneous angioplasty and stenting in the lower extremities 

were observed to be 50%–85% in recent studies61. For surveillance, a follow-up analysis of the 

ankle blood pressure was recommended by ESC guidelines in 201159; however, a systematic 

duplex surveillance program was not found to be beneficial in terms of graft patency rates or 

limb survival rates79. Therefore, a consensual protocol for revascularisation surveillance is 

needed80. 

In this study, in comparison with the unstable performance of ABI values after revascularisation 

(not shown due to frequent inaccessibility), corresponding acute haemodynamic improvements 

of ACCmax and RPSI were observed (Table 4). To understand the vascular behaviours behind 

the increasing of these two parameters, two important types of blood flow adaptation 

mechanisms should be considered68. The first mechanism is the autoregulation of the 

microcirculation, which is determined by the metabolic needs or by local mechanical 

environment changes. For PAD, after long-term adaptation to the distal ischemia, peripheral 

resistance of one or more relevant arterioles decreases81. In this way, the local haemodynamic 

situations as well as velocimetic parameters were compensated to some extent but still below the 

normal values. Second, flow-induced vascular dilatation leads to the decrease of local vascular 

smooth muscle tone and endothelium-dependent vaso-relaxation. Thus, large vessels may exhibit 

increasing compliance as a form of short-term adaption68. Consequently, distal haemodynamic 

situation would be increased, which would be reflected as the improvement of the velocimetic 

parameters after revascularisation.  

In addition, it was observed that the lower the basic levels of ACCmax and RPSI were, the more 

clearly these values improved after revascularisation (Figure 17), which indicated more 

improvement in the blood perfusion of the distal ankle area. Recent studies have shown that the 

revascularisation patency is dependent on anatomic reconstruction as well as the improvement of 

blood perfusion in the distal ankle area62. Patients suffering from more severe blood flow deficits 

in the distal ankle area have an increased risk for amputation11. Therefore, by quantitatively 

demonstrating the improvement of distal blood flow, the novel surveillance approach with 

ACCmax and RPSI could help predict the likelihood of receiving benefits from revascularisation 

as well as the risk for amputation. 

Interestingly, inverse tendencies were observed for ACCmax and RPSI: ACCmax values 

increased significantly after revascularisation, while RPSI decreased significantly after 
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revascularisation. This occurred because the extent of the increase of velocity was superior to the 

extent of the increase of ACCmax after revascularization. But as for the reason why Vmean 

increased more intensively than RPSI was not total clearly understand.  

5.4 The applicability of modulating ACCmax and RPSI-derived FSS under ECP pressure 

In the first and second part of the study, it was proven that ACCmax and RPSI could serve as 

diagnostic indices and could provide surveillance information. The aim of the third part of the 

study was to analyse flow velocimetic parameters under the sessions of ECP treatment using a 

real-time dynamic analysis of carotis in healthy volunteers.  

Unfortunately, clear tendencies of ACCmax or RPSI were not observed in all 18 volunteers, as 

shown in Table 6; however, when evaluating the dynamics of the systolic ACCmax of each 

individual, a maximal increasing magnitude of 200% was observed in nine volunteers (50%), as 

shown in Figure 18. Interestingly, the target ECP pressure values, which demonstrated a 200% 

increase in systolic ACCmax, were not alike among individuals. The assumption of a 200% 

increase in systolic accelerations is not uncommon. In another ECP-assisted PAD treatment 

study, a 200% increase of systolic acceleration was also proposed in PAD patients under low 

ECP pressure treatment (140–160 mmHg)82. This shows that a patient individual analysis of the 

hemodynamic situation is relevant for assessing the optimal treatment pressure. 

Due to the correlation between the velocimetic parameters and FSS, a 200% increase in 

ACCmax indicated a 200% increase in the maximal change rate of FSS divided by time-average 

FSS. FSS is the driving force of arteriogenesis, which is the remodelling of pre-existing 

collateral arteries to form functional conductance arteries83,84. Formerly, research on FSS-related 

arteriogenesis has been inconsistent, and one of the reasons was the lack of a reproducible 

intervention procedure. In this study, the applicability of a combing ECP device and of the 

measurements of ACCmax and RPSI is shown. Therefore, a novel approach to modulate FSS 

and to obtain feedback of haemodynamic values in real time is provided; however, one limitation 

of the study was that collateral growth was not observed, and thus the pathophysiological effect 

of this ACCmax and RPSI-based modulation of FSS is uncertain. 
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6 Conclusion 

This work presents the following results of the three-part study:  

First, the diagnostic thresholds of PAD in diabetic populations were observed: ACCmax of 444 

cm/s2 and RPSI of 57 s-1. The diagnostic specificity of each parameter was more than 95%, while 

the diagnostic sensitivity of each parameter was less than 60%. Using the combination model of 

a decision tree, the sensitivity was increased to 88%. 

Second, the new parameters of ACCmax and RPSI were significantly improved (P < 0.05) one 

day after revascularisation, and the patients suffering from more severe PAD demonstrated 

obvious improvements in ACCmax and RPSI. 

Third, the real-time measurement of ACCmax and RPSI were observed under ECP treatment 

from the carotis of 18 healthy volunteers. The increase of the systolic ACCmax could be up to 

200%. Therefore, the applicability of the combing ECP device and of the measurements of 

ACCmax and RPSI has been proven, and thus a novel approach to modulate FSS and to obtain 

feedback of haemodynamic values in real time has been developed. 

Using the Gefäßtachometers technique, the RPSI and ACCmax measurement provided a more 

predictive diagnosis than ABI for estimating the PAD status of diabetic patients. The digital 

translation of Doppler signals and the computer-assisted calculation of haemodynamics served as 

essential technical foundations for future computer-aided PAD diagnoses; however, the 

combination model of the decision tree requires a broader study in the future. Using ACCmax 

and RPSI for PAD surveillance and individual ECP treatment is now possible, but multi-centred 

studies are still needed due to the small number of patients in the study. 
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