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To the Editor:
We read with great interest the recent article by Dr. Ha and colleagues about the
effect of scan parameters and vessel size on turbulent kinetic energy (TKE) estimates
obtained with 4D Flow MRI [1]. The study of Ha et al provides several valuable
insights, including the findings that echo time and voxel size do not significantly
influence measurements of the total TKE in a volume of interest. We are pleased that
the interest in TKE mapping increases and that more laboratories are investigating the
potential and limits of this intriguing MR flow imaging method.
Ha et al conclude that the velocity encoding range (VENC) setting can introduce
bias when quantifying the total TKE. This conclusion appears to be based on the result
that the TKE sum [J], as obtained by integrating the TKE per voxel [J/m3] in a region of
interest, increases with increasing VENC (Figure 3b in the study by Ha et al). This
contradicts with theory, which predicts there should be no such bias [2].
The total TKE in a volume of interest Ω, denoted TKE sum in the study of Ha et
al, is calculated as TKE sum = ∫Ω TKE 𝑑𝑑𝑑𝑑 [J], where TKE [J/m3] is computed based on
the intravoxel velocity standard deviation (IVSD, σ) in three perpendicular directions
[3],

𝜌𝜌

TKE = 2 ∑𝑖𝑖=1:3 σ2𝑖𝑖

[Equation 1].

When estimated on the basis of a non-symmetric motion-encoding scheme, the IVSD
is computed as
1

|𝑆𝑆 |

σ𝑖𝑖 = 𝑘𝑘 �2𝑙𝑙𝑙𝑙 � |𝑆𝑆0| �
𝑣𝑣

𝑖𝑖

[Equation 2],

where S i is the MR-signal as a function of applied motion sensitivity, 𝑘𝑘𝑣𝑣 = 𝜋𝜋/VENC,
in direction i [4]. The optimal sensitivity is obtained when S i /S 0 = 0.6, which

corresponds to VENC = 𝜋𝜋𝜎𝜎�, where 𝜎𝜎� is the IVSD value of interest. If the VENC is

excessively low relative to the spread of velocities with the voxel, |𝑆𝑆𝑖𝑖 | approaches zero.

However, due to the fact that MR magnitude data is Rician distributed, |𝑆𝑆𝑖𝑖 | will be
overestimated, and thus the IVSD will be underestimated. This effect is seen for the

lowest VENC-values used in Figure 3b in Ha et al, where the MR-measured TKE sum is
smaller than the CFD-derived TKE sum . A high VENC, on the other hand, results a
smaller difference in signal amplitude between |𝑆𝑆0 | and |𝑆𝑆𝑖𝑖 | [2]. Consequently, when

the VENC is excessively high relative to the spread of velocities with the voxel, the
ratio |𝑆𝑆0 |/|𝑆𝑆𝑖𝑖 | should be close to one. However, noise will result in |𝑆𝑆0 |/|𝑆𝑆𝑖𝑖 | ratios that

are sometimes smaller than one, and sometimes larger than one. When |𝑆𝑆0 |/|𝑆𝑆𝑖𝑖 | is
smaller than one, the IVSD, if calculated from Equation 2, will become complexvalued. Ha et al addressed this situation by setting σ to zero when |𝑆𝑆0 |<|𝑆𝑆𝑖𝑖 |. By doing

this, noise effects for |𝑆𝑆0 | < |𝑆𝑆𝑖𝑖 | are neglected, but noise effects for |𝑆𝑆0 | > |𝑆𝑆𝑖𝑖 | are

included. This seems to be the source of the VENC-related bias seen in TKE sum in the

study of Ha et al. By calculating TKE directly from σ2 , where σ2 is calculated as
2

|𝑆𝑆 |

𝜎𝜎𝑖𝑖2 = 𝑘𝑘 2 𝑙𝑙𝑙𝑙 � |𝑆𝑆0| �
𝑣𝑣

𝑖𝑖

[Equation 3],

this problem is avoided. In this way, positive and negative noise contributions will
cancel out when computing TKE sum with Equation 1. We believe that this would alter
the appearance of Figures 3b and 3c in Ha et al and eliminate the VENC related positive
bias in TKE sum and TKE noise .
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