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We recently'presented a hypothetical example (1) that demonstrates paradoxical behavior of the
spherical-deconvolution informed filtering of tractograms (SIFT) method (2) in pathology. The Letter to
the Editor by Smith and colleagues (3) contends that the paradoxical behavior of the SIFT method
exemplified by‘our, example can be remedied by: i) connection density normalization; and, ii) use of a
more realistic.aumber of streamlines. Here, we revisit our example and show that these two
modifications do not alleviate the paradoxical conclusions that result when SIFT is used. Specifically, we
demonstrate thatthe SIFT method augmented with the two modifications proposed by Smith and
colleagues can cause paradoxical changes in connectivity, which lead to wrong conclusions about the
location of pathological fibers. SIFT can cause normal fiber bundles without any pathology to show the
same reduction in connectivity as pathological fibers. While we did not evaluate SIFT in our original
investigation (1), and thus our conclusions and recommendations therein are unaffected by this critique,

we welcomesthesopportunity to analyze our model in more detail here.

Model: Our fiber bundle phantom comprises two separate fiber bundles (Figure 1a). Each fiber traverses
K voxelsjwhere K is a function of fiber length. One of the two fibers traverses a localized area of white
matter pathology, such as a circumscribed lesion. We assume that pathology is circumscribed to one, or
a few, of the K voxels traversed by the pathological fiber, resulting in a reduction in the FOD lobe
integral from v to vy = 0 only in these voxels. This reduction, in addition to a possible rotation of the

FOD orientation due to pathology, can partially or fully obstruct streamline propagation at the site of
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pathology, resulting in fewer streamlines traversing the full length of the pathological fiber, compared to
the normal fiber. In our model, the probability of a streamline traversing the full length of the
pathological fiber is denoted with p, 0 < p < 1, where p = 1 indicates absence of a lesion, whilep =0
indicates complete streamline obstruction, due to severe pathology, such as fiber transection. While we
fixed p at 0.5 and K at 5 in our original investigation (1), here we analyze a range of K and p values to
characterize the effect of SIFT on varying fiber lengths (K) and pathology severity (p). We denote the
total numbemofistreamlines traversing the normal fiber with N. The total number of streamlines
traversing thexfulllength of the pathological fiber is therefore Np. We assume that p is chosen such that

Np is an integer.

Analysis: We'can study the performance of the SIFT method on our phantom analytically. SIFT will
eliminate n, €[0,1,..,N] and n; € [0,1,...,Np] streamlines from the normal and pathological fiber,

respectively, where 11 = (nq,n;) is chosen to minimize the cost function,

@) = ((Np —np)p —vp)? + (K — 1)((Np — nu — v)* +K((N — n)pu — v)°.

In the abovescostifunction, the SIFT proportionality coefficient is denoted with ¢ and given by
u=Q2Kv—wv+ vf)/(K(Np + N —nq — ny)). In practice, the cost function is minimized approximately
using gradient. descent (2). Here, relaxing the integrality constraint on 7 enables exact minimization.
Solving the paif of equations V£ (7i) = 0 and showing that the Hessian matrix has a positive determinant

yields,

KNpv )

(ni,nz) £ argmin f(7) = (N TV — v+ KV

Given thatmy=istnot necessarily an integer in the above equation, we apply the integer remapping,

el A D D

[n*], otherwise.

We have used an exhaustive search to verify that this integer remapping of the optimal non-integer
minimum (red and blue curves in Figure 2c) yields an excellent approximation of the true integer minima

(dashed black curves) of the cost function.
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Under SIFT with the modifications proposed by Smith and colleagues (3), the connectivity of the
pathological and normal fiber is given by Npu and (N —n{ )u, respectively. Following these authors, we
compared the connectivity of each of the two fibers between a hypothetical patient (p < 1) and a
hypothetical healthy control (p = 1, n{ =0, u = v/N) for the case of N = 40 and various fiber lengths (
K =15,10,40);

For the hypothetical patient’s normal (blue) and pathological (red) fiber, we show: i) connectivity
measured withithe raw streamline count (Figure 2b) and after filtering with SIFT (Figure 2c); and, ii)
percentage/change in connectivity between the patient and control, defined as (control — patient) /
control x 100%.The latter measure is henceforth referred to as the percentage change and can be

interpreted'asia putative effect size for the patient-control difference.

Figure 2b exemplifies several paradoxical behaviors of the SIFT method.

e First, the hypothetical patient’s normal fiber shows paradoxical decreases in connectivity, which
are often equal in percentage change to the pathological fiber. This is nonsensical and can result
in wrongly concluding that pathology is present in a normal fiber. For example, for a fiber length
aof 80mm), connectivity in the normal fiber is equal to the connectivity in the pathological fiber
for all levels of pathology severity (red and blue curves overlap).

e Second, the percentage change in connectivity is erratic and not monotonic in Np. This means
that,the percentage change can paradoxically increase with lessening severity of pathology.

e Third, the percentage change decreases with fiber length, suggesting a bias toward detection of
pathology in short fibers.

e Finallyythe percentage change is markedly lower after SIFT filtering compared to the raw
streamline count. For example, despite a 100% reduction in the raw streamline count, the
percentage change in connectivity under SIFT is less than 1.5% for the 80mm fiber. This can
obscure effect size estimates for between-group comparisons and enormously reduce statistical

power to detect connectivity differences as a consequence.
These concerns are not idiosyncratic to our pathological fiber phantom. The paradoxical behaviors of

SIFT are also evident for: i) a larger number of streamlines (N = 1000, Figure 2d); ii) pathological fibers

in which the FOD integral is reduced in 20% of the FOD lobes; and, iii) a larger fiber phantom comprising
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four normal and four pathological fibers, with the value of p differing between the pathological fibers to

introduce heterogeneity in pathology severity.

Figure 2e shows that relaxing the integrality constraint on n{ yields monotonicity of the percent change
as a function of Np. Alternative streamline post-processing methods based on continuous weighting
schemes (6,7,8) might therefore furnish connectivity measures that alleviate the first two paradoxical

behaviorsilistedrabove. We limit this note to the SIFT method.

Interpretation: The premise of SIFT is that FOD integrals and streamline counts should match globally for
all FOD lobes. We/contend that this premise can breakdown in the presence of some pathologies.
Transecting, crushing or intoxicating a fiber bundle at any circumscribed site along its trajectory will
hamper neural'sighaling between the two regions interconnected by the fiber, thereby warranting a
reduction in the fiber’s connectivity strength, even if the resulting connectivity strength (i.e. streamline
count) does not match the majority of FOD lobes traversed by the fiber. The adage a chain is only as
strong as its weakest link provides a useful analogy here. SIFT is inconsistent with this adage because it
seeks to adjustithe strength of the chain in such a way that chain strength and link strength are
consistent for alllinks in the chain. However, measurement of interregional connectivity should remain
faithful to'the'adage. In particular, neural signaling should be able to be exclusively dictated by the
weakest link along a fiber bundle; namely, the lesion location. Just like breaking any single individual link
in a chain breaks the chain’s ability to transmit a force, transecting a fiber bundle at any point disrupts
the fiber’s capacity to transmit neural signals. This suggests that the connectivity strength of a severed
fiber must be zero, or some minimum value, irrespective of whether the majority of FOD lobes
comprising the fiber are not consistent with a streamline count of zero. Seeking to artificially impose
consistency between FOD lobes and streamline counts can conceal the effect of pathology, just as it

would conceal the weakest link in a chain.

While thespathology simulated here is generic in nature, to provide a concrete example, it could model
Wallerian degeneration owing to a focal traumatic brain injury. Under Wallerian degeneration, the
portion of the fiber stump that is distal to the injury undergoes granular disintegration of its axonal
cytoskeleton, whereas the proximal portion remains intact and electrically excitable (7). The diffusion

signal measured within the proximal portion of the fiber could thus differ markedly from the signal at
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the injury site as well as the signal within the distal fiber portion. Seeking to impose correspondence
between the diffusion signals and the streamline count under these circumstances is therefore an ill-
conceived objective in our opinion. Myelin abnormalities and other connectome pathologies (8)
associated with psychiatric disorders such as schizophrenia can yield comparable circumstances in which

pathology is constrained to a circumscribed fiber segment.

We recommend that if the SIFT method is used, it should be used cautiously when applied to
pathological connectomes, irrespective of whether the modifications proposed by Smith and colleagues
are adopted. We call to question the premise of seeking to impose global consistency between
interregional’stfeamline counts and local aspects of the diffusion signal in diseased connectomes.
However, it is important to remember that the paradoxical behaviors exemplified here remain
hypothetical and their potential impact on empirical connectomes requires validation. We contend that
a promising avenue toward enhancing the histopathological utility and interpretability of connectomes
is to parameterize and sample streamline trajectories in terms of specific markers of brain tissue
microstructure;such as neurite density and orientation dispersion (9), myelin water fraction (10) and

extracellularfreeswater (11).

This article is protected by copyright. All rights reserved



a Normal Fiber Pathological Fiber

1 1
- 2 - 2
: Streamlines .
N Np
OO O O OO = . O
FOD index: 1 2 3 4 K 1 2 3 4 K
FOD integral: v v v v v v v Vg v v
Pathology
b Raw Streamline C SIFT d SIFT Non-Integer
Count N =40 N =1000 Solution
All fiber lengths 10mm 20mm 80mm 80mm
100 o 30 e 15 e 1.5 e 4 e 20 e
) A [
g A A ™~ 15
L | L N L \ | _
575 2011\, 10 |\ il N h N i
(&) | “\ | \\ \\
& 50 - 104 X 7 5~ \ \ 10 .
S \ \ \ L
c \ g \ ! | 05— 1. = 0 40mm
9] - - 0O /v 0~ | ~ - \ 5 n
g % \ / 1”/' By \ 80mm
& | Vil v T A Lol l\ [Normal, N ..
0 b -10 -5 0 -2 0
40 prrermr———rm T e e 108 g ey T ey 1.02 e
f‘\ AN /
N .0.995 I\ I
Z 30 f 1H NP>y o 1 |~} o /
S / { | | D995 - 1
't; | / | / ,I
g 20 - BEE 090 ey} F -~ /
\ /
S \ A | /' Jossr J/  H osf .
o 10 8 081 / 4 09r |/ <
‘y‘, E’
il 1 07 vl v g g Ll i gag Ll 1 0.96 L ol o ‘
100 10" 10? 10 10" 102 10 10" 102 10° 10! 102 100 102 10° 10! 10?
Number of Streamlines in Pathological Fiber (Np)
Pathological Fiber Normal Fiber  ------: Integer Solution

Figure 1. Evaluation of the SIFT method in the presence of pathology. (a) Schematic of fiber bundle phantom. The
phantom comprises two fibers, one of which traverses an area of localized white matter pathology. (b-e)
Percentage change in connectivity between a hypothetical patient and a hypothetical control, defined as (control -
patient) / control x 100% (upper row) and connectivity as a function of the number of streamlines traversing the
full length of the pathological fiber (lower row). Red: pathological fiber. Blue: normal fiber. Model parameters:
v=1,vr=p, Np €[1,.,N] and N = 40, unless indicated otherwise. Setting Vs = p ensures that the pathological
FOD integral is commensurate with the number of streamlines traversing the pathological fiber. Setting vy = 0.5
yielded comparable phenomena. (b) Connectivity measured based on the raw streamline count. (c) Same as (b),
but connectivity is measured after SIFT filtering. Connectivity and percentage change become dependent on fiber
length. Fiber length is indicated in millimeters (mm) for a 2mm voxel width (K =5, 10, 40). Only blue curves are
visible when blue and red curves overlap. Dashed black curves indicate an optimal integer solution determined
with exhaustive search of the parameter space, whereas blue and red curves indicate integer remapping of the
analytically derived non-integer optimal solution. Black crosses indicate the parameter combination considered in

our original investigation (p = 0.5, K =5) and emphasized by Smith and colleagues. (d) Same as (b), but the
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number of streamlines traversing the normal fiber is increased to N = 1000. (e) Relaxation of the integrality

constraintonn™.

Abbreviations

FOD: fiber orientation density
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