Flow, Resistance, and Turbulence: Elucidating the Hemodynamics of Free Flaps
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Introduction

. Free flap hemodynamics remain incompletely characterized, as these constructs create
non-physiologic flow conditions with a single inflow pedicle and loss of native vascular

Table 1. Mapping of hemodynamic concepts to measured intraoperative metrics. This table highlights three clinically relevant domains but is not intended to be

Flow-Resist Relationshi
exhaustive. *While true turbulence is unlikely at the microvascular scale, the term “turbulence” is used conceptually to describe disturbed flow. ot-nesistance Hetationship

* Flow and Pl were strongly and inversely related, supporting Pl as a surrogate of downstream

branching. Concept Definition Measured analog Dgscription | Relgva_nce . resistance and flow limitation.
Flow Volume of blood delivered Flow Mean volumetric blood flow through the Higher values indicate improved * The relationship was nonlinear, with flow increasing approximately with the inverse square root of PI,

«  Abrupt geometric transitions within the flap (e.g., pedicle-perforator junctions) generate (mL/min) arterial pedicle perfusion of flap tissue indicating Pl reflects effective rather than absolute resistance.

wave reflec_;tions, producing complex f'OVY pa’.[terns .not captured by conventiong_l : Resistance Steady opposition to flow  Pulsatility index (PI, unitless) Relative variation in flqw (e, pulsatility) - Higher values suggest Iess.f_avorable ) Chang.e sin Pl donot traanIate pmportional.ly to ﬂow.’ highlighting the influence of vascular

intraoperative assessment. Current metrics, including Doppler flow and pulsatility index over the cardiac cycle downstream flow conditions compliance and flap architecture beyond simple resistance models.

(P1), provide only gross estimates of flow and resistance, without assessing waveform . Flow disturbance and Harmonic distortion (HD, Distribution of energy across harmonic  Higher values suggest more disturbed or

quality or flow disturbance. Turbulence waveform irregularity unitless) frequencies irregular flow patterns Harmonic Distortion as a Novel Metric

. . . N . . Cohort Characteristics * Harmonic distortion (HD) captures waveform complexity and flow quality, providing information not

. Fourier-domain analysis enables decomposition of flow waveforms into harmonic reflected by flow or Pl alone.

components, allowing quantification of waveform complexity (harmonic distortion) as a * Data from 70 free flaps performed in 51 patients between March 2024 and November 2025 ™ Tabie 2. vessel caliver, flow, pulsatiity index (P), and harmonic ratios across deep inferior epigasiric perforator (DIEP),  HD increased with higher PI, linking unfavorable hemodynamic states to greater waveform

anterolateral thigh (ALT), and latissimus dorsi (LD) flaps. HD,, HDs, and HD,, denote the cumulative harmonic distortion
calculated using the first 1, 5, and 10 harmonics, respectively. Reported P-values indicate overall group differences across

surrogate of disturbed flow. were reviewed. Flap types included 47 DIEP flaps (67.1%), 14 ALT flaps (20.0%), and 9 LD disturbance.

flaps (12-9%)-_ _ . the three flap types using Kruskal-Wallis tests. * Discordance between flow and HD (e.g., high flow with persistent distortion) suggests normal flow
« A quantitative framework integrating flow, resistance (Pl), and waveform * Mee.m arter_lal inflow was 9.0 mL/min (SD=5.85) and mean Pl was 3.8 (SD=3.76). Arterial Arterial Caliber, mm (P=0.04) DIER AT o may coexist with abnormal hemodynamics.
distortion is needed to better characterize flap physiology and guide pedicle caliber was 1.76 mm (SD=0.29) and venous pedicle caliber was 2.35 mm Mean (SD) 1.83 (0.24) 1.60 (0.32) 1.60 (0.37)
.. . — Medi IQR 1.8[1.7-2.0 1.6[14-1.8 1.6[1.5-1.9
intraoperative assessment and optimization. (SD=0.52). eden [0 [ ! [ ! [ : Wave Reflection and Flap Physiology

Venous Caliber, mm (P=0.02)

Flow and PI by Flap Type (Table 2) * Wave reflections from abrupt geometric transitions contribute to disturbed flow and increased

« Average flow was 5.50 mL/min (SD=3.35) in ALT flaps, 9.15 mL/min (SD=5.07) in DIEP Modtar [GR 5P 2t 15[ 25 21 P03t waveform complexity.
flaps, and 1.:.3-33 mL/min (SD=9-29) in LD fl'aps o . Flow, mL/min (P=0.006) * Increased harmonic content may reflect inefficient forward flow and adverse hemodynamic
» When stratified by flap type, median flow differed significantly (P=0.006), with ALT versus Mean (SD) 9.15 (5.07) 5.50 (3.35) 13.33 (9.29)

conditions, with potential relevance to thrombosis risk.

2 - DN . Median [IQR] 8.0 [5.0 — 12.5] 5.0 [3.0 - 6.8] 12.0[7.0 - 15.0]
DIEP (P=0.03) and ALT versus LD (P=0.02) differing significantly on post hoc testing. * Fourier-based analysis enables functional characterization of flap perfusion beyond anatomic

o = i = i PI (P=0.006 .

Average PI rang.ed from 5.76 (SD=4.38) in ALT flaps, 3.57 (SD=3.68) in DIEP flaps, and it (SD)> 557 (368) 576 (438) 223 (177 descriptors.

2.23 (SD=1.77) in LD flaps. Median [IQR] 2.6 [1.6 — 3.8] 5.0 [3.2 — 6.8] 1.7 1.0 —2.4]
* Median Pl also varied by flap type (P=0.006); ALT versus DIEP (P=0.03) and ALT versus HD, (P=0.002) Flap Architecture and Hemodynamic Signatures

LD (P=0.03) again differed significantly on post hoc testing. nggrﬁ%m o.zg'[%?fgf%).ss] 0_43'[‘:2?3(2?%),691 038[3683(10 '9%),44] * Distinct flap types demonstrated characteristic hemodynamic profiles, suggesting architecture

. i HDs (P=0.03) directly influences flow behavior.

Pedml? Cal'b_er by F!ap Type , _ _ Mean (SD) 0.44 (0.24) 0.81(0.52) 0.47 (0.08) * Even similarly classified flaps (e.g., ALT vs DIEP) exhibited meaningful physiologic differences,
» Pedicle caliber varied by flap type, with DIEP flaps demonstrating the largest arterial Median [IQR] 0.38 [0.30 — 0.59] 0.56 [0.45 — 1.13] 0.48 [0.44 — 0.52] indicating flaps are not hemodynamically interchangeable.

ped'_C|93= Wh'_le ALT and _LD flapg were similar. _ HD.y (P(=Sol.3(;6) I . . * Harmonic distortion may serve as a “fingerprint” of flap physiology, with deviations signaling
° = ean o . . K . d

Median arterial caliber differed significantly (P=0.04), though post hoc tests did not reach Medion IR 0401 o] 055 a0 261 o abnormal flow states.

significance. ALT flaps had the smallest venous pedicles.

Figure 1 (above). A schemati_c representation of pulsatile flow in a perforajtor free flap. . I\/_Ied.ign venous calibers diffe_red significantly (P=0.02), with ALT versus DIEP reaching o P R Figure 2. Time- Dominant Role of Venous Outflow
Anterogrqde flow waves -(ped!cle to-perfora-tor) encounter abrupt Changes |-n vessel geometry significance on post hoc testing (P=0.01). 80} e o eron | domain (A) and * Venous caliber, not arterial caliber, was strongly associated with higher flow, lower PI, and reduced
(e.g_., pedlcle—perforatorfjunctlon, clipped side branches, and the clipped distal end of the o _ _ . frequency-domain (B) waveform distortion.
pedicle) that produce reflected waves. Spectral Power and Harmonic D'Sto'ft"_’n (Figure 2) _ CE el | representations of a * These findings support that free flaps are outflow-limited systems, with venous drainage as the
. Spectral power was concentrated W|_th|n the fundamental and lower-order harmonics, witl ) flap arterial flow dominant determinant of hemodynamics.
little power beyond the 10th harmonic. _ E . t waveform. The flow e Optimizing venous outflow (e.g., larger veins or dual venous anastomoses) may therefore be more
- - * Mean HD values were 0.36, 0.52, and 0.55 for HD1, HDS, and HD10, respectively. B signal demonstrates critical than ausmenting arterial inflow.
O b e Ct I Ve o ] 20 1 the cardiac cycles with
Harmonic Distortion by Flap Type o _ superimposed higher- Clinical Implications and Future Directions
* ALT flaps demonst.ratec! the greatest harmonic distortion, whereas DIEP flaps had the 0 1 2 3 1 5 s frequency fluctuations. Pl and HD provide complementary intraoperative metrics for assessing flap perfusion and identifying
lowest Iow-order dIStOI’tI(.)n.. . _ (A) Time (s) The frequency suboptimal flow states.
TO Ch a ra Cte rlze th e re | ath n S h | pS a m O n g . H_D1 and. HD5 dlﬁ‘ered significantly by flap type, driven by ALT-DIEP differences (HD1 . Fundamental Harmonics spectrum shows the «  Spectral analysis may enable early detection of evolving pathology (e.g., venous congestion,
P=0.002; HD5 P=0.03). _ _ _ _ same signal after thrombosis).
ﬂ I t I t " d d h " « AtHD10, DIEP and LD converged, while ALT remained higher (P=0.06). 100 1 Fourier * Future studies should evaluate whether these metrics predict clinical outcomes and guide
OW, pu Sa I I y I n eX, a n a rmon IC A - th Arterial and V Calib wl | transformation, with a intraoperative decision-making.
. . ssociations wi erial and Venous Caliber fundamental
distortion as complementary measures of - Arterial caliber was not associated with flow, P!, or HD. | frequency (1.33 Hz or
] » Larger venous caliber correlated with higher flow, lower PI, and lower HD across harmon ol | 80 beats per minute)
free flap hemodynamics (Table 1). orders. and harmoric :
20 . :
components at integer C I
Relationships Among Hemodynamic Metrics (Figure 3-4) L I A J\ JL [ muItippIes J o n c u s I O n
« Across t_h'e cohort, P.I was s’.trongly mvgrse_ly rel_ated to flow (r=-0.71, P<0.001) (Figure 3) ; 7 ; : 0 E i Free f|ap perfus|on reflects a dynam|c equ|||br|um
and positively associated with harmonic distortion (HD1: r=0.43, P<0.001; HD5: r=0.49, (B) Frequency (Hz) fl ist d turbul Pulsatilit
P<0.001; HD10: r=0.51, P<0.001). P T ' ' o damong 1tiow, resistance, and turouience. ruisatiity
’ ’ - o ALT ’ )
* Notably, HD-vein associations were strongest at low orders (HD1), whereas HD-PI 3.5 i 1 . . = 8 8 = 8
’ ’ . e LD ]
associations strengthened when including higher-order content (HD10) and were larger in - ° e DIEP | index and harmonic distortion prOVIde quantltatlve
magnitude overall. | ' surrogates for resistance and waveform
. . . . . . . _ 30 L -

« Aretrospective review was conducted of patients who underwent microvascular free tissue After. adju§t|ngjor flap tyEe’ ﬂ(_)w and Pl exhibited ar; approximately inverse square-root . o com pleXIty res pECtively
transfer at a single academic institution from 3/2024 to 11/2025. Anterolateral thigh (ALT), relationship (B=-0.54, 95% CI:[-0.69, -0.39], P<0.001). [ 9% o ? -
deep inferior epigastric perforator (DIEP), and latissimus dorsi (LD) flaps were included. e B | __ Dbl | S R | 25 o .i“. . , 1

* Intraoperative flow measurements were obtained at the arterial anastomosis using a transit- “ - r—oas P<oon ] \sl T T4 P00 ol T PO P00 @ _ - oo e o
time flowmeter after completion of both the arterial and venous anastomoses but before flap . o - L ]
inset " | ® * % e 2 o0 o o

' . . _ . "oF A oo * . ~ [ oo ® ]

* Recorded parameters included time-resolved flow, pulsatility index (Pl), and acoustic sl ] . o« °.7 . ’ j bl .’ - Refe re n ces
coupling index (ACI). Mean flow and Pl were recorded when the signal demonstrated stable R _-osb 0 o * -, AL . - - P & |
morphology and the ACI exceeded 50%. g -1of g e % g % ge " 15} N ]

* A!‘terial and Ve_nOUS pe_dide calibers were rgcorded iptraoperatively using a caliber gauge, a = S 2 o * ‘3""' oo o _ e e ' 1. Kassab GS. Scaling laws of vascular trees: Of form and function. Am J Physiol Heart Circ Physiol. 2006:290(2):H894-903. doi:10.1152/ajpheart.00579.2005
with vessel caliber defined as the average internal diameter of the two anastomosed - Sl o, 4 ..’ N L o Lot e B ormtion. Plost Rt Sure. 10786200 150156 Jok 10 1007 00006534-
Vessels 0 15} Q . ] r P R . s 10 _ . . _ 1.978808330-0,0032.00 53 . Mlyocutaneous e.e | ap tra s.e . atomical al expe ental considerations. Flas econs L.Ig. ) . . aol:10.

*  Flow waveforms were sampled at 201 Hz for a minimum of 15 seconds per recording, and a o — , O . ® _ ﬁ gl\évfstif;n\f,séfﬁn'g o Illgnrwtggyi;r;?ceefr:iz;itésr:gl:isndrzrcscl)r:grzil:itlaenzsrgsef:;pl;ﬂzltﬁztrnz(:iﬁ?i;i:Irga.n1d9<ZI?n;itzsz(laf)il:nzd?r?;?il.lstzlgg;giiﬁ%ﬁiﬁssgo-;j;(,g?:(1)32-10-(1)(1)23.
Short_time Fourier tranSform was app“ed USing 4-SeC0nd WindOWS Wlth 1 _Second Step —25¢ 1 - ° d @ | * .. ) ® » | g?ilz?lj%il?g/jgsgifglo“éyvfzozsuti AM, Canu V. Haemodynamic enhancement in perforator flaps: The inversion phenomenon and its clinical significance. A study of the relation
intervals to characterize waveform harmonic content. . . [ [ R 05 00 05 10 15 20 25 30 T omapesos & 0o b NEmae WA HeDerolss Bocd o o Fraessa Eapement st i Pancos o od. GRC prows By o 1

«  Harmonic distortion (HD) was calculated as the ratio of cumulative harmonic power to (A) log(PI) (B) log(P1) (©) log(PI) doi:10.1201/b13568
fundamental frequency power and quantified as HD1, HDS, and HD10. Figure 3. Comparison of harmonic distortion ratios computed as the cumulative power of ‘og(F1) S, o1l =, I Textook o Arera s a1 Psle Haodyaric st v Dssase Eeer, 222100

*  Between-flap differences and continuous relationships were evaluated using Kruskal-Wallis the first harmonic only (A), the first five harmonics (B), and the first ten harmonics (C) as a Figure 4. Flow (Q) versus pulsatility index (Pl) in free flaps. The plot 10 Mty . Miayeto. Topp P, ot 2l Wave relaction srecets cardiovsatular svons n yparthsive Idndusls idepandent of plood prossure and other sardiovascular sk
testing, post hoc Mann-Whitney comparisons, Pearson correlation, and multivariable linear function of the pulsatility index (P1). Lower harmonic distortion corresponds to more uniform shows that as Pl decreases, flow increases. ALT = anterolateral factors: an ASCOT (Anglo-Scandinavian Cardiac Outcome Trial) substudy. J Am Coll Cardiol. 2010;56(1):24-30. doi:10.1016/j jacc.2010.03.030
regression. flow. The plot indicates that as Pl increases, flow becomes less uniform thigh; LD = latissimus dorsi; DIEP = deep inferior epigastric perforator
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